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1.0 INTRODUCTION AND SCOPE OF DOCUMENT 
1.1 ASCENT/DESCENT OUTPUT O V E R V I E W  
The Ascent/Descent ou tpu t  p roduc t  i s  produced i n  t h e  O P I P  r o u t i n e  f rom t h r e e  
f i l e s  which c o n s t i t u t e  i t s  i n p u t .  One o f  these,  O P I P . I N ,  c o n t a i n s  m i s s i o n  
spec i  f i c parameters. Meteoro l  og i  c a l  data, such as atmospheri c wind 
v e l o c i t i e s ,  temperatures,  and d e n s i t y ,  are ob ta ined  f rom t h e  second f i l e ,  t h e  
Cor rec ted  METeoro log ica l  DATA f i l e  (METDATA). The t h i r d  f i l e  i s  t h e  
TRJATTDATA f i l e  which c o n t a i n s  t h e  t ime- tagged s t a t e  v e c t o r s  t h a t  combine 
t r a j e c t o r y  i n f o r m a t i o n  f rom t h e  Best Est imate o f  T r a j e c t o r y  ( B E T )  f i l t e r ,  
LRRET5 ( A p p l i c a b l e  Document 4,Section 3.0), and Best  Es t ima te  o f  A t t i t u d e  
(REA) d e r i v e d  f rom I M U  te lemet ry .  
Ascent/Descent ou tpu t  p roduc ts  a re  prov ided w i t h  two f i l e s .  The major  p roduc t  
c o n t a i n s  t h e  RET, which i s  i n  t h e  f i l e  BETDATA. The o t h e r  p roduc t  f i l e  
c o n t a i n s  t h e  system parameters which were  used t o  determine t h e  BET. T h i s  i s  
The N a v i g a t i o n  B lock ,  o r  NAVRLK, f i l e .  
Each o f  t h e  p roduc t  f i l e s  i s  d e l i v e r e d  on t h r e e  magnet ic  computer tapes. Two 
o f  t hese  a r e  i n  b i n a r y  fo rmat ,  one o f  which i s  f o rma t ted  t o  be read by a CDC 
Cyber machine, and t h e  o t h e r  i s  fo rmat ted  t o  be read by a Sperry  Univac 
machine. The t h i r d  tape  i s  w r i t t e n  i n  A S C I I  fo rmat  and i s  used t o  produce a 
m i c r o f i c h e  d i  s p l  ay o f  t h e  ou tpu t .  
1.2 SCOPE OF DOCUMENT 
T h i s  e n g i n e e r i n g  d e s c r i p t i o n  d e f i n e s  each te rm i n  t h e  two o u t p u t  da ta  f i l e s .  
The d e s c r i p t i o n  of t h e  BETDATA f i l e  i nc ludes  an o u t l i n e  o f  t h e  a l g o r i t h m  used 
t o  c a l c u l a t e  each term. Most computations a re  performed i n  t h e  program O P I P  
o r  i n  s imp le  sub rou t ines  c a l l e d  by OPIP. Some subrou t ines  a r e  ex tens i ve ,  
however, and t h e i r  a l g o r i t h m s  a re  descr ibed s e p a r a t e l y  i n  a s e c t i o n  f o l l o w i n g  
t h a t  f o r  O P I P .  
1 
To f a c i l i t a t e  d e s c r i b i n g  t h e  a lgo r i t hms ,  a nomenclature i s  d e f i n e d  i n  Sec t i ons  
2.1 th rough  2.4. The d e s c r i p t i o n  o f  the  nomenclature i n c l u d e s  a d e f i n i t i o n  o f  
t h e  c o o r d i n a t e  systems used. 
The NAVRLK f i l e  c o n t a i n s  n a v i g a t i o n  i n p u t  parameters. Each te rm i n  NAVBLK i s  
de f i ned ,  and i t s  source (e.g., user  i n p u t )  i s  l i s t e d .  The p r o d u c t i o n  of 
NAVRLK requ i  r e s  o n l y  two computat ional  a1 g o r i  thms. These two a1 g o r i  thrns, 
which compute t h e  terms DELTA and RSUBO, a r e  desc r ibed  i n  Sec t i on  4.2.2 
f o l l o w i n g  t h e  d e f i n i t i o n  o f  NAVBLK terms. F i n a l l y ,  t h e  d i s t r i b u t i o n  o f  da ta  
i n  t h e  NAVBLK reco rds  i s  l i s t e d .  
The E n g l i s h  system o f  u n i t s  i s  used th roughout  t h i s  document. Unless 
spec 
f e e t  
(and 
(eg. 
a r e  
f i e d  o the rw ise ,  l eng ths ,  v e l o c i t i e s ,  and a c c e l e r a t i o n s  a re  ou tpu t  i n  
w e i g h t )  i n  pounds, tempera ture  i n  degrees Rankine, and angu lar  measure 
n degrees. Also, un less  s p e c i f i e d  o therw ise ,  t i m e  i s  ou tpu t  i n  seconds. 
f e e t / s e c ,  and fee t /sec2,  r e s p e c t i v e l y .  Mass i s  o u t p u t  i n  s lugs ,  f o r c e  





0 rA [F ]  
B 
w i  11 rep resen t  a t h r e e - e l  ement pos i  t i  on vec to r  
f rom p o i n t  A t o  p o i n t  B; i.e., t h e  p o s i t i o n  o f  
B w i t h  respec t  t o  A. The components o f  t h e  
v e c t o r  a re  w i t h  respec t  t o  t h e  re fe rence  frame 
F whose or thogona l  b a s i s  s e t  i s  [i,, jF, kF1;  
iF, jF, and kF a re  u n i t  vectors .  Thus, 
B 
* n 
0 rA[F]  i s  t h e  u n i t  v e c t o r  i n  t h e  d i r e c t i o n  o f  -+ rA[F]; rA[F]  = -- €3 
R B R l ’ A I F l l *  
B 
. 
0 ;,[F] ; [F] which i s  a v e l o c i t y  i f  F i s  an i n e r t i a l  frame. = A  
B B 
2 .. 
A d  
A A 
B dt B 
0 [F] = ; [F] which i s  an a c c e l e r a t i o n  i f  F i s  an i n e r t i a l  frame. 
0 f [F] 
R ind  
I f  a r e l a t i v e  v e l o c i t y  (say, wind r e l a t i v e  t o  some p o i n t ,  P) i s  
i n d i c a t e d  o r  i f  i t  i s  no t  use fu l  t o  express a v e l o c i t y  i n  terms o f  
a t i m e  d e r i v a t i v e ,  t hen  t h e  v e l o c i t y  may be expressed as f,[F] 
wind 
where, again,  F i s  t h e  coo rd ina te  frame i n  which t h e  v e c t o r  
3 
components a r e  expressed. 
0 a',[F] L i kew ise ,  t h e  a c c e l e r a t i o n  of a p o i n t  P w i t h  respec t  t o  a p o i n t  A 
as expressed i n  frame F i s  as shown. I n  t h i s  document, t h e  t e r m  
" c o n t a c t  a c c e l e r a t i o n "  (wh ich  i s  t h e  t e r m  most o f t e n  used i n  t h e  
s o f t w a r e  l i s t i n g s )  i s  e q u i v a l e n t  t o  sensed a c c e l e r a t i o n .  
0 S[M50] i s  t h e  M50 s t a t e  vec to r .  
+ +  
0 U(W) w i l l  r e p r e s e n t  t h e  s tandard  d e v i a t i o n  o f  t h e  components o f  t h e  
+ 
v e c t o r  w. The te rm " u n c e r t a i n t y "  w i l l  be e q u i v a l e n t  t o  t h e  s tandard 
d e v i a t i o n .  I f  I; has t h r e e  components, t h e n  so w i l l  :(w'). 
i f  w' = w f t w 3 t w I;, then  :(w') = [o(wx),  ~(w,), o ( w Z ) l T .  
That i s ,  
X Y Z 
-f 
0 m[F] i s  t h e  angu la r  v e l o c i t y  expressed i n  t h e  F-frame. 
. 
0 &F] i s  t h e  angu la r  a c c e l e r a t i o n  expressed i n  t h e  F-frame. 
2.2 M A T R I C E S  
0 [ F l  + F Z ]  r e p r e s e n t s  a t r a n s f o r m a t i o n  m a t r i x  which t r a n s f o r m s  a v e c t o r  
4 
from frame F1 t o  frame F2. Thus, 
I n  terms o f  e lements,  t h i s  m a t r i x  may be expressed a s  
[ F l  + F2] = M = [m. . ]  where i represen ts  t h e  row and j 
1 J  
represents  t h e  co l  umn o f  e lement mi j .  
T 
0 [ F l  + FZ] rep resen ts  t h e  t ranspose o f  t h e  above m a t r i x .  Thus, 
s i n c e  
[ F l  + F2 IT  = [F2 + F l ]  , 
t h e n  
0 $($) rep resen ts  t h e  covar iance m a t r i x  of t h e  vec to r  6. I f  w' has 
n elements,  t hen  $ ( w )  w i l l  be an n x n m a t r i x .  
2.3 SPECIFIC LOCATIONS 
The f o l l o w i n g  convent ion  w i l l  be used t o  express t h e  f o l l o w i n g  p o i n t s ,  o r  
1 o c a t  i ons. 
0 CM = t h e  c e n t e r  o f  mass ( u s u a l l y  equ iva len t  t o  t h e  c e n t e r  o f  g r a v i t y ) .  
5 
0 NB = t h e  N a v i g a t i o n  Base (= Nav Base). 
0 8 = t h e  cen te r  o f  t h e  Ear th.  
0 L = o r i g i n  of Landing F i e l d  (Runway) coo rd ina te  system. 
0 S = o r i g i n  o f  e i t h e r  Launch S i t e  f o r  Ascent a n a l y s i s  o r  Landing S i t e  
Runway t h r e s h o l d  f o r  Descent ana lys is .  
0 P = a genera l ,  s p e c i f i e d  p o i n t .  
2.4 COORDINATE SYSTEMS 
The f o l l o w i n g  a b b r e v i a t  ons w i l l  be used f o r  t h e  i n d i c a t e d  c o o r d i n a t e  
systems. These c o o r d i n a t e  systems a re  d iscussed i n  A p p l i c a b l e  Document 1 
l i s t e d  i n  Sec t i on  3.0. F o r  a l l  of them, the Y-axis forms a r i g h t  hand 
or thogona l  t r i a d  w i t h  t h e  X and Z axes. 
I 0 M50 - The Mean o f  1950 i s  t h e  Ear th -centered  i n e r t i a l  system whose X-ax , 
~ i s  i n  t h e  d i r e c t i o n  o f  t h e  equinox a t  t h e  beg inn ing  of  t h e  Kessel 
1 y e a r  1950, and t h e  X - Y  p lane i s  i n  t h e  mean equator  o f  t h a t  epoch 
S 
an 
The Z-ax is  l i e s  a long  t h e  mean E a r t h ' s  r o t a t i o n  a x i s  o f  t h a t  epoch. 
0 TOD - The True O f  Date i s  t h e  Ear th -centered  i n e r t i a l  system whose X-axis 
i s  i n  t h e  d i r e c t i o n  o f  t h e  Vernal Equinox o f  t h e  m idn igh t  p r i o r  t o  
launch. The X Y  p lane i s  i n  t h e  e q u i t o r i a l  p lane o f  t h a t  epoch, and 
t h e  Z-ax is  l i e s  a long  t h e  E a r t h ' s  r o t a t i o n  a x i s  o f  t h a t  epoch. 
0 E C I  - The Ear th-Centered I n e r t i a l  system has i t s  X-axis i n  t h e  mean equator  
o f  t h e  epoch (m idn igh t  p r i o r  t o  launch)  and remains (i.e., i s  
i n e r t i a l )  i n  t h e  d i r e c t i o n  o f  the Greenwich m e r i d i a n  a t  t h a t  t ime.  
The Z-ax is  l i e s  a long t h e  E a r t h ' s  r o t a t i o n  a x i s  o f  t h a t  epoch. 
0 GEO - The GEOgraphic frame i s  Ear th -centered  and E a r t h - f i x e d  w i t h  t h e  X-  
a x i s  l y i n g  i n  t h e  equator  o f  date and pass ing  th rough  t h e  Greenwich 
6 
83: W482.4-28 
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Attachment, Page 6 
Note t h a t  h , h , and h a r e  n o t  a l l  m u t u a l l y  o r thogona l .  By l i n e a r  
t r a n s f o r m a t i o n  o f  coord ina tes ,  each h .  can be g i ven  i n  M50 by H .  a c c o r d i n g  
t o  
-1 -2 -3 
-1 -1 
H = F  , -1 -3 
H = ( - s i n $ )  F + (cos$) F , and -2 -1 -2 
H = (cos$ cose) F + ( s i n $  cos e )  F + ( - s i n e )  E3 . 
-3 -1 -2 
I n  accordance w i t h  f o r e g o i n g  arguments, t h e  t o p o d e t i c  E u l e r  ang le  r a t e s  
a r e  g i v e n  by t h e  p r o j e c t i o n s  o f  t h e  body angu la r  v e l o c i t y  - U as seen i n  t h e  
t o p o d e t i c  frame on to  t h e  axes H , H , and H used f o r  t h e  E u l e r  ang le  
r o t a t i o n s  $ , e , and 4 : 
-1 -2 -3 
4, REFERENCE 
OFT Ascent/Descent Anci 11 a r y  Data Requi rements Document, M i s s i o n  P1 ann i  ng and 
A n a l y s i s  D i v i s i o n ,  Johnson Space Center ,  NASA, 78-FM-40, Rev. 2, JSC-14370, 
I February 1982. 
I 
mer id ian .  I t s  Z-ax is  l i e s  a long  t h e  E a r t h ' s  r o t a t i o n  a x i s  o f  t h a t  
date. 
0 TOP - The TOPodetic system i s  an i n e r t i a l  system whose o r i g i n  i s  on t h e  
N a v i g a t i o n  Base w i t h  t h e  X-axis p o i n t i n g  no r thward  a l o n g  t h e  l o c a l  
mer id ian .  The Z-ax is  p o i n t s  downward i n  t h e  d i r e c t i o n  normal t o  t h e  
r e f e r e n c e  e l  1 i p s o i d  ( p r e s e n t l y ,  t he  F i  scher E l  1 i p s o i d  o f  1960). Note 
t h a t  t h e  t o p o d e t i c  frame i s  n o n - r o t a t i n g ;  a new frame i s  r e d e f i n e d  a t  
each t i m e  p o i n t .  
0 BOD - The v e h i c l e  BODY system has i t s  o r i g i n  cen te red  a t  t h e  N a v i g a t i o n  
Base ( n o t  a t  t h e  Center o f  Mass). 
O r b i t e r ' s  nose, and t h e  Z-ax is  p o i n t s  down t h r o u g h  t h e  O r b i t e r ' s  
bottom. 
The X-ax is  p o i n t s  toward t h e  
0 PLM - The PLuMbline c o o r d i n a t e  system i s  Ea r th -cen te red  and i n e r t i a l .  I t s  
axes a r e  p a r a l l e l  t o  a r i g h t  handed or thogona l  system c e n t e r e d  a t  t h e  
l aunch  s i t e  and f i x e d  i n e r t i a l l y  a t  t h e  t i m e  o f  SRB i g n i t i o n  ( i .e.,  
GET=O). D e f i n e  n as t h e  u n i t  vec to r  normal t o  t h e  tangen t  p lane  a t  
t h e  l aunch  s i t e ;  i t s  d i r e c t i o n  i s  a long  t h e  g r a v i t y  g r a d i e n t  a t  t h a t  
p o i n t .  A l so  d e f i n e  a u n i t  vec to r  k a t  t h e  l aunch  s i t e ,  i n  t h e  
tangen t  p lane,  and p o i n t i n g  i n  the  d i r e c t i o n  o f  t h e  l aunch  azimuth.  
The u n i t  v e c t o r s  n and k a r e  normal t o  each o t h e r  and t o  t h e  t h i r d  
u n i t  vec to r ,  j , o f  t h e  t r i a d .  Then t h e  p l u m b l i n e  X,  Y, and Z axes 
a r e  p a r a l l e l  and p o s i t i v e  i n  t h e  d i r e c t i o n  o f  t h e  u n i t  
v e c t o r s  n, j, and k a t  t h e  i n s t a n t  o f  SRR i g n i t i o n .  The P lumb l ine  




A A  A 
0 LF - The Landing F i e l d  ( o r  Runway) c o o r d i n a t e  system i s  a r o t a t i n g  
c o o r d i n a t e  system whose o r i g i n  i s  a t  t h e  i n t e r s e c t i o n  o f  t h e  runway 
c e n t e r l i n e  and th reshho ld .  The X-axis l i e s  a long  t h e  c e n t e r l i n e ,  and 
i s  p o s i t i v e  i n  t h e  d i r e c t i o n  o f  r o l l o u t .  The Z-ax is  i s  normal t o  t h e  
r e f e r e n c e  (i.e., F i s c h e r )  e l l i p s o i d  a t  t h e  o r i g i n  and i s  p o s i t i v e  
toward  t h e  E a r t h ' s  center .  
7 
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4.0 THE OUTPUT PRODUCTS 
The o u t p u t  p roduc t  o f  t h e  Ascent/Descent a n a l y s i s  program c o n s i s t s  o f  two 
f i l e s ,  BETDATA and NAVRLK. 
o f  t h i s  s e c t i o n  i s  t o  d e s c r i b e  t h e  methods by which these  programs c a l c u l a t e  
t h e  o u t p u t  p roduc t  f i l e s .  
Each i s  produced by a ma jo r  program. The purpose 
4.1 THE BETDATA FILE 
program O P I P  and sub rou t ines  ca 
d e s c r i b e s  t h e  p rocess ing  w i t h i n  
c a l c u l a t i o n s  o f  sub rou t ines  c a l  
The BETDATA f i l e  c o n s i s t s  o f  239 double p r e c i s i o n  words c a l c u l a t e d  by t h e  
l e d  by it. The f o l l o w i n g  S e c t i o n  4.1.1 
O P I P ,  and S e c t i o n  4.1.2 d e s c r i b e s  t h e  
ed by O P I P .  
4.1.1 O P I P  C a l c u l a t i o n s  
The c o n t e n t s  o f  t h e  BETDATA f i l e  a r e  discussed on t h e  f o l l o w i n g  pages i n  t h e  
o r d e r  i n  which t h e  words a r e  c a l c u l a t e d .  The O P I P  program and i t s  s u b r o u t i n e s  
c a l c u l a t e  terms, each o f  which i s  represented by a name and an a l g e b r a i c  
symbol and may c o n s i s t  o f  more than  one double p r e c i s i o n  word i n  t h e  f i l e .  
For  example, t h e  M50 p o s i t i o n  v e c t o r  has t h e  te rm name M50, i s  des igna ted  by 
t h e  a l g e b r a i c  symbol @ 
NB 
The f o l l o w i n g  d i s c u s s i o n  p rov ides  t h e  term name, a l g e b r a i c  symbol , t h e  
program, o r  s u b r o u t i n e  i n  which t h e  terms i s  computed, and t h e  a l g o r i t h m  by 
which t h e  te rm i s  computed. 
[M50], and cons is t s  o f  t h r e e  double p r e c i s i o n  words. 
9 
BET OUTPUT PRODUCTS 
l 7 E F I N I T I O U  OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
Time from SRB i g n i t i o n  ( i n  seconds); i.e., Ground Elapsed Time (GET) 
1 GET  GET OP I P  Read nex t  o u t p u t  t ime,  t N E X T y  f rom TRJATTDATA 
f i l e  
OP I P  Read SRR i g n i t i o n  t ime ,  t S R B I ,  f rom O P I P . I N  
f i l e .  
t~~~ =  NEXT - %RBI OP I P  
Ground t ime  i n  day:hour:min:sec o f  UT since t h e  s t a r t  o f  t h e  year ,  b u t  where day i s  
t h e  day number. That i s ,  ground t i m e  i s  the  e l l a p s e d  As t ronomica l  UT s i n c e  t h e  
s t a r t  o f  t h e  y e a r  t 1 day. 
TELAPSE Time i s  ma in ta ined  i n t e r n a l l y  i n  seconds 
f r o m  t h e  as t ronomica l  UT s t a r t  o f  year .  
The program i s  i n i t i a l i z e d  w i th  a Launch 
t ime (year ,  day number, seconds f rom t h e  
the UT m idn igh t  day o f  launch)  , stepped 
forward i n  t ime ,  and updated w i t h  t ime- tagged 
observa t ions .  Data reco rds  a r e  w r i t t e n  







BET OUTPUT PRODUCTS ( c o n t i n u e d )  
D E F I N I T I O N  OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
Onboard ( S h u t t l e )  t i m e  i n  day:hour:inin:sec s i n c e  SRB i g n i t i o n  
6 SGMTDAY O P I P  Compute onboard t i m e  o f  n e x t  
7 SGMTHR output ,  ~ S N E X T  
9 SGMTMIN TSEC 1 - tNEXT - 't + A t d r i f t  * - 
sNext 
A t d r i f t  
E = D i f f e r e n c e  ( o r  e r r o r )  between 
onboard and ground t imes. 
= Drift r a t e  o f  onboard Atdr i  f t  clock. 
= t ime,  i n  seconds, from m i d n i g h t  OS 
p r i o r  t o  launch as measured by t h e  
onboard c l o c k .  
assumed. 
A va lue  o f  ct i s  
TELAPSE The o u t p u t  i s  computed i n  t h e  same way as 
are words 2, 3, 4, and 5. The t imes a re  
onboard t imes ,  however, r a t h e r  than  ground 
t imes (eg., tsNEXT rep1 aces t N E X T )  
Year o f  present  (Ground) t ime,  UT 
10 GMTYR TELAPSE The p resen t  UT year  i s  c a l c u l a t e d  a long 
I w i t h  words 2, 3, 4, and 5. 
11 
BET OUTPUT PRODUCTS ( c o n t  i nued) 
DEFINITION OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a l g o r i t h m  
P o s i t i o n  o f  t h e  Nav Base r e l a t i v e  t o  t h e  ( i n e r t i a l )  M50 c o o r d i n a t e  frame 
11 M50(1) E x t r a c t e d  f rom t h e  s t a t e  v e c t o r :  
+ Fa [M50] O P I P  re [M50] = M50STAT(1,2,3) read i n  
NB NB 
12 
13 from t h e  i n p u t  f i l e  TRJATTDATA. 
V e l o c i t y  of t h e  Nav Base r e l a t i v e  t o  t h e  ( i n e r t i a l )  M50 c o o r d i n a t e  frame 
14 DM50(1) E x t r a c t e d  f rom t h e  s t a t e  v e c t o r :  
15 ( 2 )  I I 3 5 0 1  O P I P  
16 ( 3 )  i n  f rom t h e  i n p u t  f i l e  TRJATTDATA. 
[M50] = M50STAT(4,5,6) read 
NB NB 
Contact  ( o r  sensed) a c c e l e r a t i o n  o f  t h e  Nav Base r e l a t i v e  t o  t h e  ( i n e r t i a l )  M50 
c o o r d i n a t e  frame 
17 DDM50(1) E x t r a c t e d  f rom t h e  s t a t e  v e c t o r :  
18 ( 2 )  1 fe [M50] O P I P  '' [M50] = M50STAT(7,8,9) r e a d  




BET OUTPUT PRODUCTS (con t inued)  
DEFINITION OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a l g o r i t h m  
P o s i t i o n  o f  t h e  O r b i t e r  Center o f  Mass (CM) r e l a t i v e  t o  t h e  M50 c o o r d i n a t e  frame 
20 M50C(l) , O P I P  Read i n  ;,[BOD] f rom TRJATTDATA f i l e .  
CM 
+ 
M3TX1 rNB[M50] = CM50 .+ B O D I T  ;NB [BOD] 
CM CM CM 
21 
+ 
r [M50] = F8 [M50] + FNB[M50] 8 22 VADD 
CM NB CM 
V e l o c i t y  o f  t h e  O r b i t e r  CM r e l a t i v e  t o  the M50 coo rd ina te  frame 
23 DMFjOC(1) , O P I P  Read i n  :[BOD] = M50STAT(13,14,15) 
I .  + 
v 
CM CM CM 
[BUD] = $[BOD] X f,,[BOD] NB [M50] CROSS 
25 ( 3 )  ’ + [M50] = [M50 + B O D I T  ;,[BOD] M3TX1 VNB 
24 
CM CM 
. + [M50] = :8 [M50] + ;NB[M50] 
VADD 
CM NR CM 
13 
RET OUTPUT PRODUCTS ( c o n t i  nued) 
D E F I N I T I O N  OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a l g o r i t h m  
Sensed A c c e l e r a t i o n  o f  t h e  O r b i t e r  Center o f  Mass r e l a t i v e  t o  the  M50 c o o r d i n a t e  
f rame 
26 DDM50C(1) \ O P I P  
. + 




[BOD] = =[BOD] X fNBIBOD] 
-+ " NB 
CM CM 
-+ 
a [BOD] = $BOD] X CNB NB 
CM CM . 
t :[ROD] X :NBIBOD] 
CM 
-+ 
aNB[M50] = [M50 + BODIT dNB[BOD] 
CM CM 
+ 
r Q [M50] = ;Q [M50] + iNB[M50] 
CM NB CM 
P o s i t i o n  o f  t h e  Nav Base i n  t h e  GEOgraphic c o o r d i n a t e  system 




[ECI  + GEO] = fCtn(uQ,  tNEXT) 
NB 
30 
EC I GEO 
+ 
3 1  rQ [GEO] = [ E C I  + GEO] F a [ E C I ]  
NB NB 
14 
BET OUTPUT PRODUCTS ( con t  i nued) 
DEFINITION OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 





M3X1 r8 [ E C I ]  = [M50 + E C I ]  ;, [M50] 
NB NB 
f, [GEO] [ E C I  + GEO] = fctn(w,, t N E X T )  
d@ = E a r t h ' s  r o t a t i o n  r a t e  vec to r  + A  NB 
E C I G E O  . . + 
r8 [GEO] = [ E C I  + GEO] F, [ E C I ]  
NB NB 
+ 
-a, X f, [GEO] 
NB 
t Sensed A c c e l e r a t i o n  o f  t h e  Nav Base i n  the GEOgraphic coo rd ina te  system 







[GEO] = [ E C I  + GEO] f, [ E C I ]  a~~ M3X1 
sensed sensed NB 




BET OUTPUT PRODUCTS ( c o n t i n u e d )  
D E F I N I T I O N  OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
T o t a l  A c c e l e r a t i o n  o f  t h e  Nav Base expressed i n  t h e  GEOgraphic Coord inate System 
38 DDTGEO(1) Ca lcu la te  t h e  g r a v i t a t i o n  a c c e l e r a t i o n  a t  
EARP the Nav Base i n  E C I  frame. 
+ 











E C I G E O  r@ [GEO] = [ E C I  + GEO] ;@ [ E C I ]  
NB NB 
-+ - %I X (L, X f, [ECI]) 
- 2$@ X [ E C I  + GEO] f, [ E C I ]  
NB . 
NB 
G r a v i t a t i o n a l  A c c e l e r a t i o n  o f  t h e  Nav Base expressed i n  t h e  GEOgraphic c o o r d i n a t e  
system 
43 ( 3 )  
16 
BET OUTPUT PRODUCTS ( c o n t i n u e d )  
DEFINITION OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a l g o r i  thm 
I n i t i a l  computat ions f o r  a l l  w i n d - r e l a t i v e  v e l o c i t i e s  which f o l l o w  
SELMETA Read t h e  m e t e o r o l o g i c a l  da ta  
(Ascent)  
DESCMET t o  t h e  l o c a t i o n  (qGEOD, 
(Descent)  and genera te  t h e  a r r a y  METDATA f o r  t h a t  
i n p u t  f i l e  CMETDATA, i n t e r p o l a t e  
’GEOD) 
l o c a t i o n .  D e f i n e  t h e  f o l l o w i n g  terms 
from METDATA: 
= H o r i  z o n t a l  wind speed 
= Sys temat ic  u n c e r t a i n t y  i n  wH 
= Noise u n c e r t a i n t y  i n  wH 
= D i  r e c t i o n  o f  h o r i  zon ta l  w i  nd 
( =  0” Nor th  and i s  p o s i t i v e  
c l o c k w i s e  f rom t h a t )  
= Systemat ic  u n c e r t a i n t y  
i n  eWH 
= Noise u n c e r t a i n t y  i n  OWH 
= Noise u n c e r t a i n t y  i n  
v e r t i c a l  wind speed 
The t o t a l  u n c e r t a i n t y  i n  h o r i z o n t a l  wind 
speed, uT(wH), i s  
17  
BET OUTPUT PRODUCTS ( c o n t i n u e d )  
D E F I N I T I O N  OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a l g o r i  thm 
2 L 1 / L  
= + “N(’H) 1 
The t o t a l  u n c e r t a i n t y  i n  h o r i z o n t a l  
wind d i r e c t i o n ,  ~ ~ ( 0 ~ ” ) ~  i s  
W i n d - r e l a t i v e  v e l o c i t y  of t h e  Nav Base p r o j e c t e d  on to  t h e  GEOgraphic c o o r d i n a t e  
system 
44 DGEOW(1) O P I P  Set  convers ion  cons tan t  C D / R  =degrees / rad i  an 
45 Read RBE E a r t h ’ s  e q u i t o r i a l  r a d i u s  and 
w ind  
NB Rap E a r t h ’ s  p o l a r  r a d i u s  
46 from i n p u t  f i l e  0PIP.IN 
+ 
[GEO] i s  computed above i n  words ( 2 9 - 3 1 )  r@ 
NB 
GEOGEOD Compute Geodet ic  l a t i t u d e  (+GEOD),  
l o n g i t u d e  ( AGEOD 1 3 he i  g h t  (hGEoD) 3 
and d e c l i n a t i o n ,  6 .  (See d e s c r i p t i o n  o f  
GEOGEOD i n  Sec t i on  4.1.2) 
~ G E O U  GEOTOP [GEO + TOP] = fc tn (AGEOD,  
. 
+ 
M3X1 r@ [TOP] = [GEO -+ TOP] Fa [GEO]  
NB NB 
18 
BET OUTPUT PRODUCTS ( con t inued)  
DEFIN IT ION OR DESCRIPTlON OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  t hm 
DGEOW con t inued  
+ 
WH, -wH s i n 3  olT WINDTOP vwind[TOP] = [-w, cos0 WHY 
(See t h e  d e s c r i p t i o n  o f  WINDTOP i n  Sec t i on  
4.1.2 f o r  t h e  express ions  f o r  t h e  m a t r i x  
elements i n  $(GWind[TOP]).) 
. 
-P 
VSUB ‘wind [TOP] = f, [TOP] - ;wind[TOP] 
NB NB 




P o s i t i o n  o f  t h e  Center o f  Mass i n  t h e  GEOgraphic c o o r d i n a t e  system 
47 GEOC(1) ’ O P I P  Read [M50 + E C I ]  f rom 0PIP.IN 
Read fN,[BOD] and CM50 + BOD] OP I P  
CM CM 
48 
49 from TRJATTDATA 
+ 
ECIGEO r@ [GEO] d e f i n e d  p r e v i o u s l y  i n  
NB words (29-31) 
+ 
M3TX1 rNB[M501 = [M50 + BODIT ;NBIBOD] 
CM CM 
19 
BET OUTPUT PRODUCTS ( con t inued)  
DEFINITION OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a l g o r i t h m  
GEOC con t inued  
M3X1 
E C I G E O  
VADD 
i 
r N B I E C I ]  = [M50 + E C I ]  FNB[M50] 
CM CM 
;NBIGEO] = [ E C I  + GEO] F N B I E C I ]  
CM CM 




[GEO] = f, [GEO] + F N B I G E O ]  
CM NB CM 
V e l o c i t y  o f  t h e  Center  o f  Mass i n  t h e  GEOgraphic c o o r d i n a t e  system 
50 DGEOC(1)  , O P I P  Read i n  ;[BOD] = M50STAT(13,14,15) 
CM CM 
. 
i rNB[M50] = [M50 -+ BODIT ;,[BOD] 
M3TX1 
CM CM 
52 ( 3 )  
. . 
i 
M3X1 r NB [ E C I ]  = [M50 -+ E C I ]  ;NB[M~O] 
CM CM 
BET OUTPUT PRODUCTS ( c o n t i  nued) 
DEFINITION OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
DGEOC con t  i nued 
. + 
ECIGEO r N B I G E O ]  = [ E C I  + GEO] F N B I E C I ]  
CM CM 
- aa X r N B I G E O ]  + -+ 
. . CM . + 
VADD ru [GEO] = Fa [GEO] i- FNBIGEO]  
CM NB CM 
Sensed a c c e l e r a t i o n  o f  t h e  Center o f  Mass i n  t h e  GEOgraphic c o o r d i n a t e  system. 
. 
OPIP Read i n  =[BOD] = M50STAT(16,17,18) 
. + 
CROSS rNBIBOD] = ;[BOD] X FNBIBOD] 
-+ 
aCMCGEOl 
sensed CM CM 
CROSS C e n t r i f u g a l  a c c e l e r a t i o n :  
+ 




CROSS Rotat  i onal a5cel  e r a t  i on : 
CM 
i 





MT3X1 r NB [M50] = [M50 + B O D I T  FNBIBOD] 
CM CM 
21 
BET OUTPUT PRODUCTS (con t  i nued) 
D E F I N I T I O N  OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
DDGEOC con t inued  
.. 
-+ 
M3X1 ~ N B [ E C I ]  = [M50 + E C I ]  FNB[M50] 
CM CM 
.. 
E C I G E O  -+ aCMIGEO] = [ E C I  + GEO] F N B I E C I ]  
sensed CM 
CM 
- 2zQ X [ E C I  + GEO] f,,[ECI] 
CM 
W i n d - r e l a t i v e  v e l o c i t y  o f  t h e  Center o f  Mass p r o j e c t e d  i n t o  t h e  Geographic system 
-+ I 
I w ind 
56 DGEOWC(1) OPIP v[GEO] computed p r e v i o u s l y ,  words (44-46) 
NB . 
-+ 
r N B I G E O ]  c a l c u l a t e d  p r e v i o u s l y ,  i n  o r d e r  











BET OUTPUT PRODUCTS (con t inued)  
DEFINITION OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a l g o r i t h m  
P o s i t i o n  o f  t h e  Nav Base r e l a t i v e  t o  t h e  l a n d i n g  runway expressed i n  Landing F i e l d  
coo rd ina tes  
59 
60 




O P I P  
V SUB 
M3X1 
F i r s t  Pass o b t a i n  [GEO t LF] and 
F@[GEO] f rom Landing s i t e  geophys ica l  
pa ramet e r s 
L 
i 
r [GEO] computed p r e v i o u s l y ,  words (29-31) @ 
NB 
i 
r L [GEO] = FQ [GEO] - Fg[GEO] 
NB NB L 
[LF] = [GEO + LF] fL [GEO] L 
NB NB 
V e l o c i t y  o f  t h e  Nav Base r e l a t i v e  t o  t h e  l a n d i n g  runway i n  Landing F i e l d  coo rd ina tes  
-t 




NB NB NB 
[LF] = [GEO -t LF] f., [GEO] 
I L 






BET OUTPUT PRODUCTS ( con t inued)  
NB the  geophysica l  parameters and 
I + [GEO]  which was computed r@ 
DEFINITION OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
Sensed a c c e l e r a t i o n  o f  t h e  Nav Base r e l a t i v e  t o  l a n d i n g  runway i n  Landing F i e l d  
coo rd ina tes  




+ tL [ L F I  M3X1 a L [LF] = [GEO -+ LF] f, [GEO] 
NB NB NB 
66 
67 ( 3 )  ’ 
Geodetic v e l o c i t y  o f  t h e  Nav Base p ro jec ted  i n  t h e  TOPodetic c o o r d i n a t e  frame 
68 DTOP(1) 
69 ( 2 )  
70 ( 3 )  
GEOGEOD Geodetic l a t i t u d e  and l o n g i t u d e ,  
9 and X , r e s p e c t i v e l y ,  were 
GEOD GEOD 
GEOTOP [GEO + TOP] = fc tn(AGEOD, +GEOD) 
. 
i 
[TOP] = [GEO + TOP] f, [GEO] va M 3 X 1  
NB NB 
24 
BET OUTPUT PRODUCTS ( c o n t i n u e d )  
D E F I N I T I O N  OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
Geodet ic sensed a c c e l e r a t i o n  p r o j e c t e d  i n  t h e  TOPodetic c o o r d i n a t e  frame 
.. 
+ 





U n c e r t a i n t y  (one sigma) i n  [TOP] 
NB 
OP I P  Read $(S[M50]) from i n p u t  f i l e  TRJATTDATA 
.. 
$(fa [M50]) i s  e x t r a c t e d  from $(S[M50]) + +  a(v@ [TOP]) O P I P  
NB NB 
. . 
M3X3UN2 $(F,[ECII) = [M50 + E C I ]  $(F,[M50]) [M50 + EC1lT 
NB NB 




M3X3UN2 $(F,[GEO]) = [ E C I  + GEO] $(F,[ECI]) [ E C I  + GE0lT 
NB NB 
. 
M3X3UN2 $(;@[TOP]) = [GEO + TOP] $(F@[GEO]) [GEO + T O P I T  
NB NB 
S I G M A S  + +  o(v,[TOP]) = [Cll /2  , C Z 2  /2 , C33 /2  IT 
NB 
where IC. . ]  = $(GQITOP]) 
1 J  
NB 
25 
B E T  OUTPUT PRODUCTS ( c o n t i n u e d )  
D E F I N I T I O N  OR D E S C R I P T I O N  OF A N C I L L A R Y  DATA PARAMETER 
word name syrnbol program a1 g o r i  thm 
U n c e r t a i n t y  (one sigma) i n  i@ [TOP] 
NB 
sensed 
7 7  DDTOPU( 1) , O P I P  
+ +  




79 ( 3 )  ’ M3X3UN2 
$ ($M50 ]  i s  e x t r a c t e d  f rom $ ( S [ M S O ] )  
.. 
$ ( $ E C I ] )  = [M50 + E C I ]  $(;[M5O]) [M50 + E C I I T  
A 
.. 
$(f [GEO]) = [ E C I  + GEO] $(;[ECI]) [ E C I  + G E O I T  
.. 
M3X3UN2 $(;[TOP]) = [GEO + TOP] $(;[GEO]) [GEO * T O P I T  
SIGMAS + +  o(a* [ T O P I )  = [C, l2  , C22 1 1 2  C 3 3  ‘ / ‘ IT  
NB 
sensed 
where [C.  1J  . ]  = $(;@[TOP]) 
NB 
sensed 




WINDTOP v [TOP] = [-w, cos OwH, -wH s i n  u 01’ wH wind 
+ 
v [TOP] WINDTOP $(; [ T O P I )  = fc tn(o(wH),  “(Uw,), W H Y  o(Wv)) 
w i  nd wind 
NE3 NB 
(See d e s c r i p t i o n  o f  WINDTOP i n  Sec t i on  4.1.2 
f o r  t h e  express ions  f o r  t h e  m a t r i x  e lements)  
81 
82 ( 3 )  
26 
BET OUTPUT PRODUCTS ( c o n t  i nued) 
D E F I N I T I O N  OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 go r i  thm 
V e l o c i t y  o f  t h e  Nav Base i n  t h e  GEOgraphic c o o r d i n a t e  system, - b u t  p r o j e c t e d  i n t o  t h e  
veh i  c l e  BODY a x i s  c o o r d i  na te  system 
. + 
83 DBOD(1) E C I G E O  r@ [GEO] computed p r e v i o u s l y ,  words ( 3 2 - 3 4 )  
NB 
;,[BOD] M3X3T [ E C I  -+ BOD] = [M50 + BOD] [M50 + EC1lT 
NB 
84 
85 M3X3T [GEO -+ BOD] = [ E C I  + BOD] [ E C I  + GE0lT 
0 + 
M3X1 vg [BOD] = [GEO + BOD] F, [GEO] 
NB NB 
Sensed a c c e l e r a t i o n  o f  t h e  Nav Base p r o j e c t e d  o n t o  t h e  v e h i c l e  BODY system 
.. 
O P I P  Read ;, [M50] and [M50 + BOD] 









B E T  OUTPUT PRODUCTS ( con t inued)  
D E F I N I T I O N  OR D E S C R I P T I O N  OF A N C I L L A R Y  DATA PARAMETER 
word name symbol program a1 g o r i  thm 
Wind vec to r  p r o j e c t e d  i n t o  t h e  v e h i c l e  BODY coo rd ina te  system 
+ 
-wH s i n e  91T wH ’ wH ’ WINDTOP V Q  [TOP] = [-WH  COS^ 
wind 
+ 
v [BOD] = [TOP + BOD] f @  [TOP] ca ( 2 )  GQ [BOD1 M 3 Y 1  
wind wind wind i 
89 WRODV ( 1 ) 
g n  
91 ( 3 )  
I W i  nd-re1 a t i  ve ve l  o c i  t y  o f  t h e  Nav Base expressed i n  vehi  c l  e BODY coord i  na tes  
+ 











VSUB v [TOP] = $@ [TOP] - $@ [TOP] 




M 3 X 1  v [BOD] = [TOP + BOD] f [TOP] 
wind w i  nd 
NB NB 
28 
B E T  OUTPUT PRODUCTS ( c o n t i n u e d )  
D E F I N I T I O N  OR D E S C R I P T I O N  OF A N C I L L A R Y  DATA PARAMETER 
word name symbol program a1 g o r i  thm 
U n c e r t a i n t y  o f  v e l o c i t y  o f  Nav Base i n  GEOgraphi cs coo rd i  na tes  p r o j e c t e d  i n t o  H O U  
system 
O P I P  (e(;, [M50] )  e x t r a c t e d  from $ ( S [ M 5 0 ] )  
NB 
+ +  
o(v, [BOD]) O P I P  $($,  8, 9 )  e x t r a c t e d  from $ ( S [ M 5 0 ] ) ;  
N B  $ = r o l l ,  8 = p i t c h ,  li) = yaw 
. 
M 3 X 3 U N 2  (e(;@ [ E C I ] )  = 
NB . 
CM50 + E C I ]  $(;, [M50] )  [M50 + E C I I T  
NB 
95 DBODU(1)  
96 
97 
E C I G E O  [ECI  + GEO] computed p r e v i o u s l y ,  f o r  
words (19 -31 )  
M3X31JN2 $(;# [GEO]) = 
NB . 
[ E C I  + GEO] $(fa [ E C I ] )  [ E C I  + G E 0 I T  
NB 
M 3 X 3 T  [ECI  + BOD] = [M50 + BOD] [M50 + E C 1 l T  
M 3 X 3 T  [GEO + BOD] = [ E C I  + BOD] [ E C I  + GEO]' 
29 
BET OUTPUT PRODUCTS ( c o n t  i nued) 
D E F I N I T I O N  OR D E S C R I P T I O N  OF A N C I L L A R Y  DATA PARAMETER 
word name symbol prograln a1 g o r i  thm 




$ I ( $ @  [BOD]) = 
NB . 
[GEO + BOD] $(;@ [GEO]) [GEO + B O D I T  
NB 
NB NB 
(See t h e  d e s c r i p t i o n  o f  SBCALC i n  
Sect ion 4.1.2) 
NB 
where [C.  . ]  = $(;@ [BOD]) 
1 J  
NB 
U n c e r t a i n t y  o f  sensed a c c e l e r a t i o n  o f  Nav Base p r o j e c t e d  on to  t h e  BODY system 
100 ( 3 )  ' M3X3UN2 $'(a' ,  [BOD]) = 
NB .. 
[M50 + BOD] $(Fa [M50 ] )  [M50  + B O D I T  
NB 
30 
B E T  OUTPUT PROeUCTS ( c o n t i n u e d )  
D E F I N I T I O N  OR D E S C R I P T I O N  OF A N C I L L A R Y  DATA PARAMETER 
word name symbol program a1 g o r i  thm 
DDBODIJ con t  i nued 
1 
e f f e c t s  o f  body SPBCALC $(:@ [BOD]) = $ ' ( a ' @  [BOD]) + 1 axis 
(See t h e  d e s c r i p t i o n  o f  SPBCALC i n  
i n  Sect ion 4.1.2) 
NB NB 
SIGMAS + +  o(a@ [BOD]) = [C, v2 , Cz2 1/2 , c33 1 / 3 T  
NB 
where [Ci j ]  = [BOD]) 
NB 
U n c e r t a i n t y  i n  wind v e c t o r  p r o j e c t e d  onto BODY a x i s  coo rd ina tes  
101 WBODVU( 1) O P I P  
102 ( 2 ) ]  ;($@ [BOD]) O P I P  
wind 
103 ( 3 )  O P I P  
M 3 X 3 T  
GEOTOP 
EC I GEO 
M3X3 
M 3 X 3 T  
$ (+ ,  8 ,  9) e x t r a c t e d  from $ ( S [ M 5 0 ] )  
[M50 + BOD] read from t h e  TRJATTDAT f i  
[M50 + E C I ]  read from t h e  0 P I P . I N  f i l e  
e 
[ECI  + BOD] = [M50 + BOD] [M50 + E C 1 l T  
'GEOD) [GEO + TOP] = fc tn(gGEoD, 
[ECI  + GEO] = f c tn (wg ,  t, ?@ [ E C I ] ,  
. NB .. 
+ 
rg [ E C I ] ,  ;@ [ E C I ] ,  [ E C I ] )  
NB NB NB 
[ECI  + TOP] = [GEO + TOP] [ E C I  + GEO] 
[TOP + BOD] = [ E C I  + BOD] [ E C I  + TOP]' 
31  
BET OUTPUT PRODUCTS ( c o n t i n u e d )  
DEFINITION OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
WBODVlJ c o n t i n u e d  
WINDTOP &(; [TOP]) = f c tn (o (wH) ,  .(e,,), w,, ~ ( w , ) )  
w ind 
(See d e s c r i p t i o n  o f  WINDTOP i n  S e c t i o n  4.1.2 
f o r  exp ress ions  f o r  t h e  m a t r i x  e lements)  
M3X3UN2 $ I ( ;  [BOD]) = 
wind 
[TOP + BOD] &(; [TOP]) [TUP + BOD]' 
w ind 
(See d e s c r i p t i o n  o f  SPBCALC i n  S e c t i o n  
4.1.2) 
SIGMAS + +  a(v@ [BOD]) = [C, /2  , C 2 2  1 /2  , C33 / 2  
where [ C .  . ]  = $($@ [BOD]) 
w ind 
1J  
w i  nd 
U n c e r t a i n t y  i n  t h e  w i n d - r e l a t i v e  v e l o c i t y  o f  t h e  Nav Base expressed i n  BODY 
c o o r d i n a t e s  
I O P I P  $ ($ ,  8 ,  $) e x t r a c t e d  f rom $($[M50]) 
, 
( 2 )  :($ [BOO]) O P I P  [TOP -+ BOD] computed p r e v i o u s l y ,  
words (101-103) wind 
I NB 









RET OUTPUT PRODUCTS ( c o n t i n u e d )  
D E F I N I T I O N  OR D E S C R I P T I O N  OF A N C I L L A R Y  DATA PARAMETER 
word name symbol program a1 gor i  thm 
nBODWU con t inued  
-b 
WINDTOP v [TOP]  = [-w, cos UwH, -wH s i n  o w H Y  O I T  
wind 
(See d e s c r i p t i o n  o f  WINDTOP i n  Sec t i on  
4.1.2 f o r  t h e  express ions  f o r  t h e  m a t r i x  
e l  emen t s ) 
-+ 
VSUB v [TOP]  = ;a [TOP]  - f [TOP]  
w ind  NR wind NB 
- @ P I P  a(; [ T O P I )  = $(;@ [ T O P ] )  + $ ( $  [ T O P ] )  
w ind NH wind NR 
M3X3UN2 a ' ( ;  [BOD]) = 
wind 
NB 




(See d e s c r i  p t  i on o f  SPBCALC i n  Sect i on 
4.1 .2)  
3 3  
BET OUTPUT PRODUCTS ( c o n t i n u e d )  
DEFINITION OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
DRODWU con t inued  
+ +  lI2 lL  l i 2 j r  SIGMAS a ( v  [BOD]) = [Cll C z 2  , C33 
wind 
NB 
where [C.  . ]  = $(; [BOD]) 1J  wind 
NB 
Q u a t e r n i o n  f o r  t r a n s f o r m i n g  f rom M50 coord ina tes  o f  BODY c o o r d i n a t e s  
O P I P  Read d i r e c t l y  f rom t h e  i n p u t  f i l e  TRJATTDATA 
108 
1 n9 
q [M50 + BOD] and equ iva lenced t o  t h e  o u t p u t  b u f f e r  a r r a y  
e l  emen t s 
I Index o f  s e l e c t e d  IMU 
111 P I M U  
I Trans f ormat 
O P I P  Read d i r e c t l y  f rom t h e  i n p u t  f i l e  TRJATTDATA 
and equ iva lenced t o  t h e  o u t p u t  b u f f e r  a r r a y  
element 
on f rom t h e  E C I  t o  launch-s  t e - l o c a t e d  P lumbl ine  c o o r d i n a t e  system 
ECIPLM [ E C I  + PLM] i s  c a l c u l a t e d  on t h e  f i r s t  
pass f o r  ascent  ( o n l y )  f rom geophys ica l  
parameters, 1 aunch s i t e  parameters and 
the t i m e  o f  SRB i g n i t i o n  
34 
BET OUTPUT PRODUCTS ( c o n t i n u e d )  
D E F I N I T I O N  OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
P o s i t i o n  o f  t h e  Nav Base r e l a t i v e  t o  t h e  E a r t h ' s  c e n t e r  expressed i n  P lumbl ine  
c o o r d i n a t e s  (Ascent o n l y )  
112 PLM(1) \ O P I P  Read [M50 + E C I ]  from i n p u t  f i l e  0PIP.IN 




114 M3X1 rQ [ E C I ]  = [M5O + E C I ]  f, [Mr jO]  
NB NB 
+ 
M3X1 r@ [PLM] = [ E C I  + PLM] ;, [ E C I ]  
NB NB 
V e l o c i t y  o f  t h e  Nav Base r e l a t i v e  t o  t h e  E a r t h ' s  c e n t e r  expressed i n  P lumb l ine  
c o o r d i n a t e s  (Ascent o n l y )  
. 
O P I P  Read f, [M50] f rom TRJATTDATA 
NB 
. . + 
M3X1 r, [ E C I ]  = [M50 + E C I ]  f, [M50] 
NB NB NB 
115 DPLM(1) 
116 ( 2 )  
117 ( 3 )  I . [PLM] = [ E C I  + PLM] f, [ E C I ]  + M3X1 
NB NB 
35 
BET OUTPUT PRODUCTS ( c o n t  i nued) 
DEFINITION OR D E S C R I P T I O N  O F  ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
Sensed a c c e l e r a t i o n  o f  t h e  Nav Base r e l a t i v e  t o  E a r t h ' s  c e n t e r  expressed i n  
P1 umbl i ne c o o r d i  na tes  (Ascent o n l y )  
.. 
O P I P  Read f, [M50] f rom TKJATTDATA 
NB 
.. .. .. 
+ 
ra [ E C I ]  = [M50 + E C I ]  f, [M5O] 
NB NB NB 
.. .. 
+ 





U n c e r t a i n t y  i n  t h e  p o s i t i o n  o f  t h e  Nav Base r e l a t i v e  t o  t h e  E a r t h ' s  c e n t e r  
expressed i n  P lumb l ine  c o o r d i n a t e s  (Ascent o n l y )  
121 PLMU(1) , OP I P  $(Fa [M50]) i s  e x t r a c t e d  from $(?[M50]) 
NB 
+ +  
u(rQ [PLM]) M3X3UN2 $(fa [ E C I ] )  = 
NB NB 




M3X3UN2 $(f, [PLM]) = 
NB 
[ E C I  + PLM] $(fa [ E C I ] )  [ E C I  + PLMIT 
NR 
36 
BET OUTPUT PRODUCTS (con t  i nued) 
DEFINITION OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
PLMU cont  i nued 
S I G M A S  + +  o ( r @  [PLMI) = [C, v2 , C Z 2  / 2  , C33 '/'IT 
NB 
where [Ci j ]  = $( fa  [PLM]) 
NB 
U n c e r t a i n t y  i n  t h e  v e l o c i t y  o f  t h e  Nav Base r e l a t i v e  t o  t h e  E a r t h ' s  c e n t e r  
expressed i n  P1 umbl i ne coo rd i  nates (Ascent on ly )  
124 DPLMU(1) O P I P  $(Fa [M50]) i s  e x t r a c t e d  from $(g[M50]) 
NB 
+ +  




[M50 + E C I ]  $ ( f a  [M50]) [M50 + E C 1 l T  
126 . NB 
M3X3UN2 $(F@[PLM]) = [ E C I  + PLM] $(;@[ECI]) [ E C I  + PLMIT 
NB NB 
. 
S I G M A S  g(FQ [PLMI) = [C,, / 2  C Z 2  1 /z C33 1 / 2 ~ T  
NB 
where [C.  . ]  = $(Fa[PLM]) 
1 J  
NB 
37 
BET OUTPUT PRODUCTS ( c o n t i n u e d )  
D E F I N I T I O N  OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
U n c e r t a i n t y  i n  t h e  sensed a c c e l e r a t i o n  o f  t h e  Nav Base r e l a t i v e  t o  t h e  E a r t h ' s  
c e n t e r  expressed i n  P1 umbl i ne coo rd ina tes  (Ascent o n l y )  
O P I P  c(T, [M50]) i s  e x t r a c t e d  from $(S[M50]) 
NB 
+ +  
u( r@ [PLM]) M3X3UN2 $(;@ [ E C I ] )  = 
NB NR .. 




M3X2UN2 $(;@ [PLM]) = 
NB .. 
[ECI + PLM] $(Fa [ECI) [ E C I  + P L M ] ~  
NB 
+ +  / 2  1 / 2  
SIGMAS u(r@ [PLM]) = [C, , C Z 2  , C 3 3  




BET OUTPUT PRODUCTS ( con t  i nued) 
DEFINITION OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a1 gor i  thm 
W i  nd-re1 a t i  ve v e l o c i t y  o f  t h e  Nav Base b u t  p r o j e c t e d  on to  P1 umbl i ne coo rd i  na tes  
(Ascent o n l y )  
131 
132 




M3X3T [ECI + TOP] was computed p r e v i o u s l y  f o r  
words (101-103) 
[ECI -+ PLM] was computed p r e v i o u s l y  j u s t  





M3TX1 f [ECI] = [ E C I  + TOPIT t [TOP] 
wind w i  nd 
NB NB 




BET OUTPUT PRODUCTS ( con t inued)  
DEFINITION OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
U n c e r t a i n t y  i n  t h e  w i n d - r e l a t i v e  v e l o c i t y  o f  t h e  Nav Base p r o j e c t e d  on to  t h e  
P1 umbl i n e  c o o r d i n a t e  system (Ascent o n l y )  
133 DPLMWU( 1) WINDTOP $(; [TOP]) computed p r e v i o u s l y  f o r  
wind 
words (80-82) 
134 M3X3UN2 $(;@ [TOP]) computed p r e v i o u s l y  f o r  
NR I NB words (74-76)  
135 ( 3 ) ’  OP I P  $(; [ T O P I )  = $ ($@ [TOPI) + $ ( $  [TOPI) 
wind NB w ind  NB 
M3X3UN1 $(; [ECI]) = 
w i  nd 
NB 
[ E C I  + TOPIT a ( $  [TOP]) [ E C I  + TOP] 
wind 
NB 
M3X3UN2 $(; [PLM]) = 
wind 
NB 
[ E C I  + PLM] $ ( $  [ECI]) [ E C I  + PLMIT 
wind 
NB 
/ 2  + +  SIGMAS a(v [PLMI) = [C, , C Z 2  
wind 
NB 
where [C.  . ]  = $($ [PLM]) 
1 J  w i  nd 
NB 
40 
BET OUTPUT PRODUCTS ( con t inued)  
DEFINITION OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 go r i  thm 
P o s i t i o n  o f  t h e  v e h i c l e  Center o f  Mass r e l a t i v e  t o  E a r t h ' s  c e n t e r  expressed i n  




O P I P  







OP I P  
VADD 
Read f N B I B O D ]  f rom t h e  i n p u t  f i  1 e TRJATTDATA 




rNB[M50] = [M50 + BODIT FNBIBOD] 
CM CM 
+ 
r N B I E C I ]  = [M50 + E C I ]  f"[M5O] 
CM CM 
+ 
rNB[PLM] = [ E C I  + PLM] ;NBIECI ]  
CM CM 




r@ [PLM] = f, [PLM] + FNB[PLM] 
CM NB CM 
41  
BET OUTPUT PRODUCTS ( con t inued)  
DEFINITION OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 go r i  thm 
V e l o c i t y  o f  t h e  v e h i c l e  Center o f  Mass r e l a t i v e  t o  t h e  E a r t h ' s  c e n t e r  expressed i n  
P1 umbl i ne coo rd ina tes  (Ascent o n l y )  
139 DPLMC(1) \ CROSS 
M3X1 
O P I P  
VADD 
-+ 
vNBIBOD] = f[BOD] X f,,[BOD] 
CM CM 
-+ 
rNB[M50] = [M50 + B O D I T  ;NBIBoD] 
CM CM 
f N B I E C I ]  = [M50 -+ E C I ]  ;NB[M50] 
CM CM 
-+ 
rNR[PLM] = [ E C I  + PLM] f N B I E C I ]  
CM CM 
+ 
r# [PLM] i s  word se t  (115-117) 
NR 
-+ 
r# [PLM] = f, [PLM] + fNB[PLM] 
CM NB CM 
Sensed a c c e l e r a t i o n  o f  t h e  v e h i c l e  Center o f  Mass expressed i n  Plumbl ine coo rd ina tes  
(Ascent o n l y )  
142 DDPLMC ( 1 )  CROSS 
143 ( 2 )  1 f, [PLM] VADD 
CM 
144 ( 3 )  
M3TX1 
+ 
aNBIBOD] = ;[BOD] X GNBIBOD] 
CM CM 
+ =[BOD] x f N B I B O D ]  
CM 
+ 
rNB[M50] = [M50 -+ B O D I T  dNBIBOD] 
CM CM 
42 
BET OUTPUT PRODUCTS ( c o n t i  nued) 
D E F I N I T I O N  OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a l g o r i  thm 
DDPLMC cont  i nued 
.. 
+ 
M3X1 r N B I E C I ]  = [M50 + E C I ]  ;NB[M50] 
CM CM 
i 




VADD rQ [PLM] = f, [PLM] + ;NB[PLM] 
CM NB CM 
W i n d - r e l a t i v e  v e l o c i t y  o f  t h e  v e h i c l e  Center o f  Mass expressed i n  Plumb1 i n e  
coo rd ina tes  (Ascent o n l y )  
145 DPLMCW (1) 
146 ( 2 )  









M3X1 rNB[PLM] computed p r e v i o u s l y  f o r  
CM 
words (139-141) 
M3X3 [ E C I  + TOP] computed p r e v i o u s l y  f o r  
words (101-103) 
43 
B E T  OUTPUT PRODUCTS ( con t  i nued) 
D E F I N I T I O N  OR D E S C R I P T I O N  OF A N C I L L A R Y  DATA PARAMETER 
word name symbol program a1 g o r i  thm 
OPLMCW c o n t i  nued 
E C I P L M  [ECI  + PLM] computed p r e v i o u s l y  f o r  
words (112-114) 
M 3 T X 1  v' [ E C I ]  = [ E C I  + T O P I T  3 [TOP] 
wind wind 
NB NB 
M 3 X 1  t [PLM] = [ E C I  + PLM] f [ E C I ]  
wind w i  nd 
NB NB 
+ 
VADD V [PLM] = ? [PLM] + FNB[PLM] 
CM wind wind CM NB 
Yaw, and i t s  u n c e r t a i n t y ,  o f  t h e  v e h i c l e  body w i t h  respec t  t o  a w i n d - r e l a t i v e  l o c a l  
frame 
148 YAW $ EULANG Given i n  t h e  d e s c r i p t i o n  o f  EULANG 
i n  Sec t i on  4.1.2 
149 YAWlJ (JN 1 
P i t c h ,  and i t s  u n c e r t a i n t y ,  o f  t h e  v e h i c l e  body w i t h  respec t  t o  a w i n d - r e l a t i v e  
l o c a l  frame 
150 P I T C H  8 EULANG Given i n  t h e  d e s c r i p t i o n  o f  EULANG 
i n  Sec t i on  4.1.2 
1 5 1  P I T C H U  (J( 8 )  
44 
BET OUTPUT PRODUCTS ( con t inued)  
DEFINITION OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 go r i  t hm 
R o l l ,  and i t s  u n c e r t a i n t y ,  o f  t h e  v e h i c l e  body w i t h  respec t  t o  a w i n d - r e l a t i v e  l o c a l  
frame 
152 ROLL 4 EULANG Given i n  t h e  d e s c r i p t i o n  o f  EULANG 
I 
i n  Sec t i on  4.1.2 
153 ROLLU 4 4 )  
Yaw Rate, and i t s  u n c e r t a i n t y ,  o f  t h e  veh ic le  body w i t h  respec t  t o  a w i n d - r e l a t i v e  
l o c a l  f rame 
154 YAWD 5, EULANG Given i n  t h e  d e s c r i p t i o n  o f  EULANG 
i n  Sec t i on  4.1.2 
155 Y A W N  4) 
P i t c h  Rate, and i t s  u n c e r t a i n t y ,  o f  t h e  v e h i c l e  body w i t h  respec t  t o  a 
w i  nd-re1 a t i  ve 1 oca1 f rarne 
156 PITCHD ‘e EULANG Given i n  t h e  d e s c r i p t i o n  o f  EULANG 
i n  Sec t i on  4.1.2 
157 P ITCHDU 4 Q) 
R o l l  Rate, and i t s  u n c e r t a i n t y ,  o f  t h e  v e h i c l e  body w i t h  respec t  t o  a 
w i n d - r e l a t i v e  l o c a l  frame 
158 ROLLD i EULANG Given i n  t h e  d e s c r i p t i o n  o f  EULANG 
i n  Sec t i on  4.1.2 
159 ROLLDU 4 6 )  
45 
BET OUTPUT PRODUCTS ( con t  i nued) 
D E F I N I T I O N  OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
Bank ang le  
160 BA BANK Given i n  t h e  d e s c r i p t i o n  o f  BANK 
i n  Sec t i on  4.1.2 
Long i tude o f  t h e  Nav Base 
161 GEOLONG GEOGEOD Given i n  t h e  d e s c r i p t i o n  o f  GEOGEOD 'GEOD 
i n  Sec t i on  4.1.2 
Geodet ic  L a t i t u d e  o f  t h e  Nav Base 
162 GEODLAT GEOGEOD Given i n  t h e  d e s c r i p t i o n  o f  GEOGEOD ~ G E O D  
i n  Sec t i on  4.1.2 
Geodet ic  a l t i t u d e  ( h e i g h t )  above t h e  (F i sche r )  r e f e r e n c e  e l l i p s o i d  
o f  t h e  Nav Base 
163 GEODALT GEOGEOD Given i n  t h e  d e s c r i p t i o n  o f  GEOGEOD h~~~~ 
i n  Sec t i on  4.1.2 
U n c e r t a i n t y  i n  t h e  geode t i c  a l t i t u d e  ( h e i g h t )  o f  t h e  Nav Base 
164 GEOHU 
,. 
O P I P  Let t h e  l o c a l  v e r t i c a l  u n i t  vec to r ,  n, which '( h~~~~ 
i s  normal t o  t h e  r e f e r e n c e  e l l i p s o i d  be 
n T n = En,, n2, n3] where 
GEOD n = cosX 
n = sinAGEOD 
1 
2 
n3 = sin4GEOD 
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BET OUTPUT PRODUCTS ( c o n t i  nued) 
DEFINITION OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
GEOHU cont  i nued 
OP I P  Read M50COV f rorn i n p u t  f i  1 e TRJATTDATA 
O P I P  $(f, [M50]) = M V C O V ( i , j ) ;  i = 1,3; j = 1,3 
NB 
M3X3UN2 $(fa [ECI]) = 
NR 
[M50 + E C I ]  $(;, [M501) CM50 + E C I I T  
NB 
M3X3UN2 a(;, [GEO]) = 
NB 
[ E C I  + GEO] $(;, [ECI]) [ E C I  + GE0lT 
NB 
Geodet ic  a l t i t u d e  r a t e  o f  t h e  Nav Base 
. -+ 
165 DH 'GEOD OP I P  r@ [GEO] computed p r e v i o u s l y  , words (32-34) 
NB 
. 
A +  hGEoo= n r, [GEO] 
NB 
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BET OUTPUT PRODUCTS ( con t  i nued) 
DEFINITION OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 go r i  thm 
U n c e r t a i n t y  i n  geodet ic  a l t i t u d e  r a t e  o f  the Nav Base 
. 
OP I P  $(f, [M50]) = MVCOV(it3, j t3); i = 1 , 3 ;  j = 1 , 3  166 DHU u(4EOD) 
NB 
. 
M3X3UN2 $ ( fa  [ E C I I )  = 
NB . 
[M5O + E C I ]  $(Fa [M50]) [M50 + ECI] ’  
NB 
. 
M3X3UN2 $(Fa [GEO]) = 
NB . 
[ E C I  + GEo]  $(fa [M501) [ E C I  + G E O I T  
NB 
D e c l i n a t i o n  o f  t h e  Nav Base 
z IT; then,
g ’  y!3’ 9 




hNB = a r c t a n  
2 2 1 /2  
( xg  + Y g  ) 
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BET OUTPUT PRODUCTS ( c o n t i n u e d )  
D E F I N I T I O N  OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm -. -- 
Magnitude o f  t h e  g e o c e n t r i c  p o s i t i o n  vector  o f  t he  Nav Base 
FPANGZ R8 = [M50]1 R@ 168 RM 
NB NB NB 
Magnitude of i n e r t i a l  v e l o c i t y  o f  t h e  Nav Base 
- FPANGZ VNB - NB 169 VM 
F l i g h t  pa th  ang le  as observed i n  t h e  E C I  coo rd ina te  frame 
170 FPM c1 FPANGZ Given i n  t h e  d e s c r i p t i o n  o f  FPANGZ 
i n  Sec t i on  4.1.2 
Azimuth o f  t h e  v e l o c i t y  observed i n  t h e  E C I  c o o r d i n a t e  frame 
FPANG2 Given i n  t h e  d e s c r i p t i o n  o f  FPANGZ 
A Z  
1 7 1  AZM 
o f  Sec t i on  4.1.2 
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BET OUTPUT PRODUCTS ( c o n t i n u e d )  
DEFINITION OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
S l a n t  range o f  t h e  Nav Base measured from the  launch s i t e  (Ascent )  o r  Landing 
S i t e  (Runway t h r e s h o l d ,  Descent)  
172 RS Rs O P I P  Read geode t i c  p o s i t i o n  parameters 
NB 
f o r  s = O r i g i n  o f  Launch S i t e  (Ascen t )  
o r  s = O r i g i n  o f  Land ing  S i t e  (Descent ) ,  
f r o m  i n p u t  f i l e  0PIP.IN 
+ 
GEODGEO r&GEO]  = f c t n ( S  ( s ) ,  A ( s ) ,  h ( s ) )  
GEOD GEOD GEOD 
S 
(A lgo r i t hm g i ven  i n  t h e  d e s c r i p t i o n  
o f  GEODGEO i n  S e c t i o n  4.1.2) 
+ v SUB rs  [GEO] = FQ [GEO] - F,[GEO] 
NB NB S 
O P I P  R, = IFs [ G E O l l  
NB NB 
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BET OUTPUT PRODUCTS (con t inued)  
DEFINITION OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
T rans fo rma t ion  m a t r i x ,  M50 frame t o  v e h i c l e  BODY frame 
O P I P  Read f rom t h e  i n p u t  f i l e  TRJATTDATA 
and loaded d i r e c t l y  i n t o  t h e  ou tpu t  
array. 
I 
> [M50 -+ BOD] 
W i n d - r e l a t i v e  v e l o c i t y  magnitude o f  t h e  veh ic le  Center  o f  Mass 
FPANG Given i n  t h e  d e s c r i p t i o n  o f  FPANG 'wind 182 VTOP 
CM i n  Sec t i on  4.1.2 
U n c e r t a i n t y  i n  t h e  w i n d - r e l a t i v e  v e l o c i t y  magnitude o f  t h e  v e h i c l e  Center  o f  Mass 
FPANG Given i n  t h e  d e s c r i p t i o n  o f  FPANG '('wind) 183 VTOPU 
CM i n  Sec t i on  4.1.2 
W i n d - r e l a t i v e  f l i g h t  pa th  ang le  o f  t h e  v e h i c l e  Center  o f  Mass 
FPANG Given i n  t h e  d e s c r i p t i o n  o f  FPANG 'wind 184 GAMTOP 
CM i n  Sec t i on  4.1.2 
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BET OUTPUT PRODUCTS ( c o n t i n u e d )  
DEFINITION OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 go r i  thrn 
U n c e r t a i n t y  i n  t h e  w i n d - r e l a t i v e  f l i g h t  path ang le  o f  t h e  v e h i c l e  Center  o f  Mass 
FPANG Given i n  t h e  d e s c r i p t i o n  o f  FPANG 185 GAMTOPU a ( Y w i  nd)  
CM i n  Sec t i on  4.1.2 
W i  nd-re1 a t i  ve az imuth of t h e  veh i  c l  e Center o f  Mass 
FPANG Given i n  t h e  d e s c r i p t i o n  o f  FPANG 'wind 186 PSITOP 
CM i n  Sec t i on  4.1.2 
I IJ n ce rt  a n t y  i n  t h e  w 
187 PSITOPU 44Jw I 
n d - r e l a t i v e  az imuth o f  t h e  v e h i c l e  Center  o f  Mass 
1 FPANG Given i n  t h e  d e s c r i p t i o n  o f  FPANG i nd 
CM i n  Sec t i on  4.1.2 
E a r t h  sur face  range f rom subveh ic le  (Nav Base) p o i n t  t o  s, where s i s  t h e  Launch 
S i t e  o r i g i n  ( f o r  Ascent a n a l y s i s )  o r  Runway t h r e s h o l d  ( f o r  Descent a n a l y s i s )  
O P I P  Read geode t i c  p o s i t i o n  parameters,  R~~~ 188 S 
S 
f o r  s = O r i g i n  o f  Launch S i t e  (Ascent )  
o r  s = O r i g i n  o f  Landing S i t e  (Descent) ,  
f r o m  i n p u t  f i l e  0PIP.IN 
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BET OUTPUT PRODUCTS ( c o n t i n u e d )  
D E F I N I T I O N  OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
S con t inued  
+ 
GEODGEO r,[GEO] = f c t n ( 4  ( s ) ,  h ( s ) ,  h ( s ) )  
GEOD GEOD GEOD 
S 
( A l g o r i t h m  g i ven  i n  t h e  d e s c r i p t i o n  
of GEODGEO i n  Sec t i on  4.1.2) 
Le t  f @ C G E O I  = C X S ’  Y, z s l  T 




O P I P  
O P I P  
O P I P  
2 2 2 2 
R @  = x t y s  t z and 
S S 
S 
2 2 2 
Then , - 
2 




B i s  t h e  angle,  i n  rad ians ,  between t h e  
geocen t r i c  v e c t o r s  t o  s and t o  t h e  Nav Base 
and i s  c a l c u l a t e d  f rom 
2 2 2 
R, R @  - (R, R, C O S  6 )  
s NB s NB 
R, R, cos cl, 
s NB 
B = a r c  t a n  
where 
R @  R @  cos i3 = Fg[GEO] + r, [GEO]  
s NB S NB 
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BET OUTPUT PRODUCTS ( c o n t i  nued) 
DEFINITION OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
W i n d - r e l a t i v e  ang le  o f  a t t a c k  f o r  t h e  v e h i c l e  Center  o f  Mass 
AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN 
OW 
189 ALPHA 
i n  Sec t i on  4.1.2 
U n c e r t a i n t y  i n  t h e  w i n d - r e l a t i v e  ang le  o f  a t t a c k  f o r  t h e  v e h i c l e  Center  o f  Mass 
190 ALPHAU 4 OW) AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN 
i n  Sec t i on  4.1.2 
W i n d - r e l a t i v e  guidance s i d e s l i p  ang le  f o r  t h e  v e h i c l e  Center  o f  Mass 
AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN ’WG 191 BETAP 
i n  Sec t i on  4.1.2 
U n c e r t a i n t y  i n  t h e  w i n d - r e l a t i v e  guidance s i d e s l i p  ang le  f o r  t h e  Center  o f  Mass 
192 BETAPU 4 6 W G )  AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN 
i n  Sec t i on  4.1.2 
W i n d - r e l a t i v e  dynamic p ressure  f o r  t h e  t o t a l  Center  o f  Mass v e l o c i t y ,  i n  l b / f t 2  
193 ()AERO q AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN 
i n  Sec t i on  4.1.2 
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BET OUTPUT PRODUCTS ( c o n t  i nued) 
D E F I N I T I O N  OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a1 go r i  thm 
U n c e r t a i n t y  i n  t h e  dynamic p ressure  f o r  t h e  v e l o c i t y  o f  t h e  Center  of  Mass 
194 QAEROU 44) AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN 
i n  Sec t ion  4.1.2 
W i n d - r e l a t i v e  p i t c h  dynamic p ressu re  f o r  the Center o f  Mass, i n  l b - d e g / f t 2  
AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN 4, 195 ()ALPHA 
i n  Sec t ion  4.1.2 
1 W i n d - r e l a t i v e  yaw dynamic p ressure  f o r  t h e  Center o f  Mass, i n  l b - d e g / f t  2 
I 
AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN q d  
t 196 QBETA 
1 
i n  Sec t ion  4.1.2 
I W i n d - r e l a t i v e  Mach number a t  t h e  Center  o f  Mass 
197 MACH M AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN 




U n c e r t a i n t y  i n  t h e  w i n d - r e l a t i v e  Mach number a t  t h e  Center  o f  Mass 
198 MACHlJ 0) AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN 
t 
~ i n  Sec t ion  4.1.2 
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BET OUTPUT PRODUCTS ( c o n t i n u e d )  
D E F I N I T I O N  OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a l g o r i t h m  
W i n d - r e l a t i v e  v iscous  parameter a f f e c t i n g  the mot ion  o f  t h e  Center  of Mass 
199 voo V AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN 
i n  Sec t i on  4.1.2 
U n c e r t a i n t y  i n  t h e  w i n d - r e l a t i v e  v iscous  parameter f o r  t h e  Center  o f  Mass 
200 voou 4 v) AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AEKODYN 
i n  Sec t i on  4.1.2 
Ambient a tmospher ic  tempera ture  i n  O R  
201 METDATA(3) TA O P I P  Placed i n  ou tpu t  b u f f e r  d i r e c t l y  
U n c e r t a i n t y  i n  ambient a tmospher ic  temperature i n  O R  
202 METDATA( 7 )  a(TA) O P I P  Placed i n  ou tpu t  b u f f e r  d i r e c t l y  
Ambient a tmospher ic  p ressu re  i n  1 b / f t 2  
203 METDATA(4) PA O P I P  Placed i n  ou tpu t  b u f f e r  d i r e c t l y  
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BET OUTPUT PRODUCTS ( c o n t i n u e d )  
DEFINITION OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
U n c e r t a i n t y  i n  ambient a tmospher ic  p ressure  i n  l b / f t 2  
204 METDATA(8) .(PA) O P I P  Placed i n  o u t p u t  b u f f e r  d i r e c t l y  
Atmospheric mass d e n s i t y  i n  s l u g s / f t 2  
205 METDATA(5) pAM O P I P  Placed i n  ou tpu t  b u f f e r  d i r e c t l y  
W i n d - r e l a t i v e  e q u i v a l e n t  a i r  speed a t  t h e  Center o f  Mass 
AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AEROOYN 'EA 206 EAS 
CM i n  Sec t i on  4.1.2 
U n c e r t a i n t y  i n  t h e  w i n d - r e l a t i v e  equ iva len t  a i r  speed a t  t h e  Center o f  Mass 
207 EASU 4VEA)  AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN 
CM i n  Sec t i on  4.1.2 
Load f a c t o r  a t  t h e  Center  o f  Mass, i n  g ' s  [ f t / s e c 2 ]  
208 L n AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN 
i n  Sec t i on  4.1.2 
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BET OUTPUT PRODUCTS ( con t  i nued) 
DEFINITION OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
W i n d - r e l a t i v e  drag over  mass f o r  t h e  Center o f  Mass 
209 DOM F ~ / ~  AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN 
i n  Sec t i on  4.1.2 
W i n d - r e l a t i v e  l i f t  over  drag f o r  t h e  Center o f  Mass 
AERODYN Given i n  t h e  d e s c r i p t i o n  of AERODYN 210 LOD LD 
i n  Sec t i on  4.1.2 
W i n d - r e l a t i v e  aerodynamic s i d e  s l i p a n g l e  f o r  t h e  Center o f  Mass 
AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN BWA 211 BETA 
i n  Sec t i on  4.1.2 
U n c e r t a i n t y  i n  t h e  w i n d - r e l a t i v e  aerodynamic s ides1  i p  ang le  
212 RETAU ‘(OVA) AERODYN Given i n  t h e  d e s c r i p t i o n  o f  AERODYN 
i n  Sec t i on  4.1.2 
Eul e r  angles,  yaw ($,), p i t c h  ( eT), and r o l l  ($T) ,  expressed i n  TOPodetic 
c o o r d i n a t e s  
Let [TOP + BOD] = [m. .] which was 
1 J  
c a l c u l a t e d  p r e v i o u s l y  f o r  words (101-103) 
213 TOPEUL(1) $T O P I P  
58 
BET OUTPUT PRODUCTS ( con t  i nued) 
DEFINITION OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a1 g o r i  thm 
214 TOPEUL(2) BT O P I P  (1) P i t c h  no t  v e r t i c a l  
12 11 + = arc tan(m /m ) 
6 = - arctan(m13) 
215 TOPEUL(3) $T 0 = arctan(m23/m33) 
O P I P  (2) P i t c h  v e r t i c a l  
+ = o  
e = t 900 = - s ign(90 ,  m13) 
4 = arctan(m21/m31) 
O P I P  ( 3 )  F o r  Ascent and i f  9 < Oo, 
0 = Q + 360° 
E u l e r  ang le  r a t e s  r e l a t i v e  t o  t h e  TOPodetic frame 
216 TOPRATE (1 )  
217 ( 2 )  
218 (3) 
OP I P  [ E C I  + TOP] was computed p r e v i o u s l y  f o r  
words (101-103) 
b $TOP] O P I P  [M50 + E C I ]  was read from i n p u t  f i l e  0PIP.IN 
I M3X3 [M50 + TOP] = [ E C I  + TOP] [M50 + E C I ]  
-+ 
EULRATE w[TOP] = [GT, 8,, ;,IT 
c a l c u l a t e d  by a l g o r i t h m  g iven i n  t h e  
d e s c r i p t i o n  o f  EULRATE i n  Sec t i on  4.1.2 
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BET OUTPUT PRODUCTS ( c o n t i n u e d )  
DEFINITION OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a1 go r i  thm 
I n e r t i a l  body angu la r  r a t e s  around t h e  BODY axes 
221 
O P I P  Read M50 s t a t e  v e c t o r  f rom i n p u t  f i l e  
TRJATTDATA: s = [SI.. . Sl,] and 
conver t  f rom r a d i a n s  t o  degrees 
T 
OPIP  
U n c e r t a i n t i e s  i n e r t i a l  body angu la r  ra tes  around t h e  BODY axes 
223 
224 
222 IBRATEU (1) OPIP Read &(S[M50]) = [Cij]18x18 f rom t h e  i n p u t  
f i l e  TRJATTDATA and c o n v e r t  f rom r a d i a n s  t o  
degrees 
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BET OUTPUT PRODUCTS ( c o n t  i nued) 
D E F I N I T I O N  OR D E S C R I P T I O N  OF A N C I L L A R Y  DATA PARAMETER 
word name symbol program a1 g o r i  thm 
I B R A T E U  c o n t i n u e d  
) v2 
* c ~ / ~  
I n e r t i a l  body a n g u l a r  a c c e l e r a t i o n s  around t h e  BODY axes 
225 I B A N G A (  1 )  OP I P  Read M50 s t a t e  v e c t o r  f rom i n p u t  f i l e  
226 conver t  f rom rad ians  t o  degrees 
T TRJATTDATA:  3 = [S ,... S18] 
0 
‘xB = ’16 * ‘D/R 
O P I P  { *  ‘YB = s i 7  * c ~ / ~  
. 
‘ZB = si8 * ‘D/R 
. . ; ]T + 
x B ’  “y%’ z B  O P I P  w = [ll 
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BET OUTPUT PRODUCTS ( c o n t i n u e d )  
D E F I N I T I O N  OR D E S C R I P T I O N  OF ANCILLARY DATA PARAMETER 
word name symbol program a l g o r i t h m  
U n c e r t a i n t i e s  
228 IBANGAU(1)  
229 ( 2 )  
( 3 )  230 
n t h e  i n e r t i a l  body a c c e l e r a t i o n s  around t h e  BODY axes 
OP I P  
. + +  
44 
from t h e  i n p u t  f i l e  TRJATTDATA and c o n v e r t  
from rad ians  t o  degrees 
O P I P  
. 
; IT + +  w ‘(4 = c;,,, yB’ zB 
Sensed a c c e l e r a t i o n  o f  t h e  v e h i c l e  Center o f  Mass expressed i n  BODY axes c o o r d i n a t e s  
231 DDBODC( 1) 
232 (2) 
233 ( 3 )  
.. 




rQ [BOD] VADD rNBIBOD]  = a’ [BOD] + a‘ [BOD] 
CEN ROT CM CM 
CROSS 
VADD 
= =[BOD] x F N B I B o D ]  
. CM 
+ =[BOD] X rNBIBOD]  
CM 
.. 
+ r@ [BOD] = Q, [BOD] + ;“,[BOD] 
CM NB CM 
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BET OUTPUT PRODUCTS (cont  i nued) 
D E F I N I T I O N  OR DESCRIPTION OF ANCILLARY DATA PARAMETER 
word name symbol program a l g o r i t h m  
U n c e r t a i n t y  i n  t h e  sensed a c c e l e r a t i o n  o f  t h e  v e h i c l e  Center  of Mass i n  BODY 
coo rd ina tes  
234 DDBODCU (1) 
235 ( 2 )  1 :sa [BOD]) 
236 ( 3 )  O P I P  Read z(FNBIBOD]) f rom 0PIP.IN 
OP I P  Read S[M50], i’,[BOD], CM50 + BOD] 
CM 






where [C. 1 J  . ]  = $(fa [BOD]) 
CM 
I 
I P o s i t i o n  o f  t h e  v e h i c l e  Center  o f  Mass r e l a t i v e  t o  t h e  Nav Base i n  BODY coo rd ina tes  
237 BODCG(1) OPIP Read from t h e  i n p u t  f i l e  TRJATTDATA and 
p laced d i r e c t l y  i n t o  t h e  ou tpu t  b u f f e r  







4.1.2 Subrout ines  C a l l e d  bv O P I P  
T h i s  s e c t i o n  c o n t a i n s  t h e  d e s c r i p t i o n  of subrout ines  c a l l e d  by O P I P  and which 
c o n t a i n  s i g n i f i c a n t  a l g o r i t h m s  needed f o r  computing o f  Ascent/Descent o u t p u t  
p roduc ts .  The subsec t ion  f o r  each subrout ine  s t a r t s  w i t h  a l i s t  o f  terms i n  t h e  
s u b r o u t i n e  c a l l i n g  argument. 
symbol *>> nex t  t o  t h e  l e f t - h a n d  margin. 
Each ou tpu t  te rm i s  i n d i c a t e d  i n  t h e  t e x t  by t h e  

























C a l l i n g  Argument L i s t  ( i n  l i s t  o r d e r )  









F i r s t - p a s s  f l a g .  
Conversion constant  equal t o  degrees per  rad ian.  
V e l o c i t y  o f  v e h i c l e  Center o f  Mass w i t h  respec t  t o  t h e  
wind. Th is  v e c t o r  i s  expressed i n  v e h i c l e  BODY 
coord inates.  
Covar iance m a t r i x  o f  $ [BOD]. 
w i  nd 
CM 
Sensed a c c e l e r a t i o n  of t h e  Center o f  Mass expressed i n  BODY 
coord inates.  
Atmospheric mass dens i t y  ( s l  u g s / f t 3 ) .  
U n c e r t a i n t y  i n  atmospheric mass d e n s i t y .  
Atmospheric temperature i n  degrees Rankine. 
U n c e r t a i n t y  i n  t h e  atmospheric temperature,  TAR. 
W i n d - r e l a t i  ve angle of a t t a c k  (degrees).  
U n c e r t a i n t y  i n  angle o f  a t tack .  
W i n d - r e l a t i v e  guidance s i d e s l i p  ang le  (degrees).  
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’WA 











U n c e r t a i n t y  i n  6wG. 
W i n d - r e l a t i v e  aerodynamic s ides1 i p  angle.  
U n c e r t a i n t y  i n  aWA. 
T o t a l  dynamic pressure.  
U n c e r t a i n t y  i n  t h e  t o t a l  dynamic pressure.  
P i t c h  dynamic pressure.  
Yaw dynamic pressure.  
W i  nd-re1 a t i  ve Mach number. 
Uncer ta iny  i n  M. 
E q u i v a l e n t  a i r  speed o f  t h e  Center  o f  Mass ( k n o t s ) .  
U n c e r t a i n t y  i n  VEA. 
W i n d - r e l a t i v e  l o a d  f a c t o r  ( i n  u n i t s  o f  g, t h e  sea - leve l  
acce l  e r a t  i on o f  g r a v i t y  ) . 
CM 
W i n d - r e l a t i v e  d rag  a c c e l e r a t i o n  (magni tude) .  
W i  n d - r e l a t i  ve 1 i f t  over drag. 
W i n d - r e l a t i v e  v iscous  parameter. 
U n c e r t a i n t y  i n  t h e  w i n d - r e l a t i v e  v iscous  parameter. 
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The A1 q o r i  thms 
Constants  ( s e t  
g = 32.174 
kew = 12.1527 
kM = 4289.05 
on f i r s t  pass th rough  t h e  s u b r o u t i n e )  
E a r t h - s u r f a c e  g r a v i t a t i o n a l  a c c e l e r a t i o n .  
Constant f o r  comput ing the  e q u i v a l e n t  a i r  speed, VEA. 
Constant f o r  comput ing t h e  Mach number, M. 
CM 
The (column) u n i t  vec to r  used t o  compute l i f t  over drag, 
LD' 
P r e l i m i n a r y  computat ions:  Magnitude o f  w i n d - r e l a t i v e  v e l o c i t y  and i t s  
v a r i a n c e  
L e t  t h e  magnitude o f  f [BOD] be V; 
w ind 
CM 
2 2 2 112 
V = ( v  + v  t v z )  0 
X Y 
To compute t h e  v a r i a n c e  o f  V, f i r s t  [y] av = E-, F, 7 IT i s  computed. 
av avx  y 
2 112 vx 
t v  + v  ) - T o  - -(vx Y Z 
a v X  av X 
- 2 av a 2  - -  
The v a r i a n c e  o f  V i s  computed from t h  s and t h e  cova r iance  m a t r i x :  
av av av T 
v [BOD]) E-, -9 -1 
a v x  avY 
a (v )z  = E%, F Y -1 C( 
avx  y a v Z  . . t i  nd 
CM 
The u n c e r t a i n t y ,  which w i l l  be used l a t e r ,  used he re  i s  t h e  s tandard  
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W i  nd-re1 a t  i ve aerodynami c s i  de s l  i p angle, 6WA 
2 2 2 112 
As be fo re ,  
V = 1; [BOD11 = (Vx + V + V ) Y 2 wind 
CM 
2 2 112 
) bX + v Z V 
Then, 
s i n  B W A  = # and COS B W A  = 
so , V 
*>> bWA = a r c s i n ( J - )  V 
and fiWA i s  conver ted  t o  degrees and ad jus ted  so t h a t  0 < dWA< 180°. 
U n c e r t a i n t y  i n  BWA 






- COS aW s i n  BWA COS R W A  - s i n  Q s i n  bWAIT 
= c  V ’ V ’  V 
Using t h i s  and t h e  cova r iance  m a t r i x ,  the va r iance  i s  c a l c u l a t e d  f rom 
aBWA adWA aWA T -1 ’ -1 F(; [BOD]) c-, avZ  = c-, - av 3 a v z  2 a B ~ ~  aBWa a B ~ ~  
a v x  Y a v X  Y w i  nd 
CM 
The u n c e r t a i n t y ,  o r  s tandard  d e v i a t i o n ,  i n  B W A  i s  t h e n  
*>> 
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W i  nd-re1 a t  i ve gui  dance s i d e  sl i p angl e , B, 
2 2 1/2 
+ v  ) . Y L e t  Vxy  = ( v X  
V SOY 
*>> B~~ = arcs in(J- )  
vXY 
and pWG i s  conver ted  t o  degrees and ad jus ted  so t h a t  0 7 iJwG 7 180°. 
U n c e r t a i n t y  i n  B W G  
F i r s t  compute t h e  p a r t i a l  d e r i v a t i v e  m a t r i x  
- s i n  BwG COS bwG 
Y O I T .  
adWG aBWG adWG T 
, v  - I = [  v 
XY 
I = C T Y  avZ 
aBWG 




I Us ing t h i s  and t h e  covar iance m a t r i x ,  the va r iance  i s  c a l c u l a t e d  f rom 
The u n c e r t a i n t y ,  o r  s tandard  d e v i a t i o n ,  i n  BWG i s  t h e n  
*>> 
I 
I Dynamic p ressu res  and t h e  u n c e r t a i n t y  i n  q 
The ( t o t a l )  dynamic pressure,  q, i s  c a l c u l a t e d  by 
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where pAM i s  t h e  atmospher ic  m?ss dens i t y .  
The u n c e r t a i n t y  i n  q i s  c a l c u l a t e d  f rom 
*>> 
where a (u  
brought  i n  th rough t h e  argument l i s t ,  
) i s  t h e  u n c e r t a i n t y  i n  pAM. Note t h a t  b o t h  pAM and u(pAM) a r e  AM 
The p i t c h  dynamic p ressure ,  q, i s  c a l c u l a t e d  f rom 
*>> 9, = (j$l* 
The - yaw dynamic pressure,  q g ,  i s  c a l c u l a t e d  f r q m  
*>> 96 = fiWG4. 
The equi  v a l e n t  a i  r speed, VEA, and i t s  u n c e r t a i n t y ,  u(V,,) 
CM CM 
The e q u i v a l e n t  a i r  speed, i n  knots ,  o f  the Center  o f  Mass i s  c a l c u l a t e d  by 
l I2  v. V~~ = kew PAM *>> 
CM 
I t s  u n c e r t a i n t y  i s  c a l c u l a t e d  fvom 
The l o a d  f a c t o r .  n 
The l o a d  f a c t o r  i s  computed by d i v i d i n g  the  sensed a c c e l e r a t i o n  o f  t h e  Center  
of Mass, t Q I B O O ]  b rought  i n  th rough  the c a l l i n g  argument, by t h e  E a r t h ’ s  
CM 
( s u r f a c e )  g r a v i t a t i a n a l  a c c e l e r a t i o n ,  g. Thus, 
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The w i n d - r e l a t i v e  d r d g  a c c e l e r a t i o n ,  aWD 
F i r s t ,  t h e  u n i t  v e c t o r  o f  t h e  w i n d - r e l a t i v e  v e l o c i t y  o f  t h q  Center of Mass i s  
c a l c u l a t e d ;  l e t  i t  he uw. Then 
v' [BOD] 
w ind  
c M I\ - 
vw - -----* V 
And then t h e  magnitude o f  t h e  drag a c c e l e r a t i o n  i s  computed froin 
*>> aWD = - v w  I+3OD3. 
CM 
The w i n d - r e l d t i v e  l i f t - o v e r - d r a g ,  Lg 
A T L i f t  i s  computed as f o l l o w s .  
t h rough  t h e  program a long  w i th  o t h e r  constants .  
f o r c e  i s  determined from t h e  c ross  product  
y = [ O , l , O ]  was se t  lip d u r i n g  t h e  f i r s t  pass 
,. 
The d i r e c t i o n ,  L ,  o f  t h e  l i f t  
+ . -  I\ 
L = y x vw. 
The u n i t  v e c t o r  i n  t h i s  d i r e c t i o n  i s  
-f ,. L L = -  
lQ*  ,. 
The l i f t  a c c e l e r a t i o n ,  aL, i s  t h e  component of :#[ROD] a long L; t hus ,  
CM 
+ ,. 
a = a@[BOD] L. L 
CM 
The l i f t - o v e r - d r a g  i s  t h e  r a t i o  o f  aL t o  aWD if aWD f 0. Thus, 
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Mach number, M, v iscous  parameter,^, and t h e i r  u n c e r t a i n t i e s  
F i r s t ,  t h e  ambient a tmospher ic  temperature and i t s  u n c e r t a i n t y  i s  conve r ted  
f rom t leqrces Rankine t o  degrees K e l v i n :  
5 r A K  = T~~ = T~ 
and 
Next, t h e  s t a g n a t i o n  temp,erature, T S y  and i t s  u n c e r t a i n t y  a r e  computed u s i n g  
V ,  t h e  inagnitude o f  t h e  w i n d - r e l a t i v e  Center o f  Mass v e l o c i t y .  
i s  
The a l g o r i t h m  
b 2  
T S  = 726.97 + 0.468 TA t 3.4098447*10- V . 
I t s  u n c e r t a i n t y  i s  computed f rom 
2 1 1  2 1/2 
u ( T S )  = C(0.468 u(TA) ) t (4.650816351*10- V o ( V )  ) ] 
Next, t h e  " i n t e r m e d i a t e  c o e f f i c i e n t  o f  v i s c o s i t y " ,  C o y  and i t s  
u n c e r t a i n t y ,  d (Co) ,  a r e  c a l c u l a t e d  us ing  t h e  f o l l o w i n g  a l g o r i t h m s :  
- S / T A  
[TA t 122.1(10 > I  T S  1 / 2  (T? 
"0 5 
CTS t 122.1(10- / T s ) l  
and i t s  u n c e r t a i  n t y  , 
4TSTA 4TA 
Next, t h e  c o e f f i c i e n t  o f  dynamic v i s c o s i t y ,  1-1, and i t s  u n c e r t a i n t y ,  u ( P ) ,  a r e  
c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  a lgo r i t hms  based on t h e  U. S. Standard 
Atmosphere o f  1976: 
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8 T A 3 l 2  ) 
(TA + 110.4 u = 3.0449939*10- 
and i t s  u n c e r t a i n t y ,  
8 
a ( p )  = 3.0449939*10- TA 1'2 o (TA)  
F i n a l l y ,  t h e  w i n d - r e l a t i v e  Mach number and 
t h e  f o l  1 owing a1 g o r i  thrns: 
*>> - 1 /2 M = V(kM T A )  
($ + 165.6) 
7' --___ 
(TA + 110.4) 
and i t s  u n c e r t a i n t y  , 
2 2 
2 
*>> a(M) = [- 4 4  + 
4289*05 TA 
t s  u n c e r t a i n t y  a r e  computed 
where, as be fo re ,  V i s  t h e  magnitude o f  ;,[BOD] and u(V)  i s  i t s  u n c e r t a  
The c o n s t a n t  kM i s  s e t  d u r i n g  t h e  f i r s t  pass th rough  t h e  r o u t i n e .  
CM 
f o l  
*>> 
I t s  
The l a s t  o u t p u t  terms t o  be computed a r e  t h e  w i n d - r e l a t i v e  " v i scous  
parameter" ,  u, and i t s  u n c e r t a i n t y ,  a ( u ) .  They a r e  computed w i t h  t h e  
owing a l g o r i t h m s  based on t h e  U. S. Standard Atmosphere o f  1976: 
v = M[ c o  ]1/2 
107.5 V pAM 
u n c e r t a i n t y  i s  computed from t h e  f o l l o w i n g  s e r i e s .  
These terms a r e  computed: 
2 
a(M) co 
107.5 V pAM 
Mpss = 
u s i  nrJ 
n t y .  
14 
2 2  
V M C o p  
3 
(107.5 PAM) ( 4  V ) 
3 
(107.5 V )  ( 4  P ) 
Wi th  these, t h e  u n c e r t a i n t y  i n  t h e  "v i scous  parameter"  i s  
a ( u ) = ( M  t C  t P  + V  t p  ) v 2  
pss pss pss pss pss *>> 
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BANK 
C a l l  i ng Argument L i  s t  ( i n  1 i s t  o r d e r )  
I n p u t  
D / R  
LASC 
[TOP + BOD] 
c 
Out p II t 
@ W  
The A1 s o r i  thm 
Conversi  on cons tan t  equal t o  degrees per  rad ian .  
F l a g  which i s  .TRUE. i f  ascent a n a l y s i s  i s  b e i n g  done. 
T rans fo rma t ion  m a t r i x ,  TOPodetic t o  BODY frame. 
W i n d - r e l a t i v e  v e l o c i t y  o f  t h e  Center o f  Mass expressed i n  
t h e  t o p o d e t i c  frame. 
W i n d - r e l a t i v e  bank angle i n  degrees. 
F i r s t ,  t h e  u n i t  v e c t o r  
f [TOP] 
w ind  
CM 
i s  c a l c u l a t e d .  Next, t h e  body p i t c h  and r o l l  axes a r e  e x t r a c t e d  f rom t h e  
t r a n s f o r m a t i o n  m a t r i x .  L e t  
76 
[TOP -t BOD] = 
y x  yy y z  
Th is  means t h a t  each row o f  t h e  TOP t o  ROD m a t r i x  i s  t h e  row u n i t  v e c t o r  
r e p r e s e n t a t i o n  of a r o t a t i o n  a x i s  expressed i n  t h e  t o p o d e t i c  frame. Expressed 
as t h e  column vec to rs ,  t hey  a re  
A 
r = r o l l  body a x i s  expressed i n  t h e  t o p o d e t i c  frame; 
p = p i t c h  body a x i s  expressed i n  t h e  t o p o d e t i c  frame; and 
A 
y = yaw body a x i s  expressed i n  t h e  t o p o d e t i c  frame. 
L e t  
found f rom t h e  c ross  produc t ,  
be t h e  u n i t  v e c t o r  normal t o  bo th  and iw. The normal vec to r ,  A i s  
I t s  u n i t  v e c t o r ,  which has t h e  components nl, n2, n3,  i s  
A A 
The ang le ,  a, between r and vw i s  found f rom 
,. A 
a = a r c c o s ( r  . V W )  
A A 
Then t h e  r o t a t i o n  m a t r i x ,  [R] which r o t a t e s  r about  t h e  a x i s  n th rough  t h e  
ang le  a i s :  
[n2n3(1-cos a) - n l  s i n  d] I 2 2 [ n l  + ( l - n l )  cos a] [nln2(1-cos a) - n3 s i n  a] [nln3(1-cos a) t n2 s i n  a 2 2 [nln2(1-cos a) + n3 s i n  u] [n2 t ( 1 - n l )  cos a] 2 2 [n ln3 (1 -cos  a) - n2 s i n  a] [n2n3(1-cos a) + n l  s i n  a]  [n3 t ( l - n s )  cos a] 
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Next, de termine  t h e  new p i t c h  a x i s ,  P, a f t e r  t h e  r o t a t i o n .  
f o l l o w i n g  l o g i c :  
It i s  found by t h e  
I f  3 [TOP] does NOT 1 
w i  nd 
CM 
I f  v' [TOP] DOES l i e  a 
wind 
CM 
* A  A 
e a long  r ;  P = [R] p 
, % A  A 
ong r; P = R. 
D e f i n e  w as t h e  u n i t  vec to r  i n  t h e  t o p o d e t i c  x-y p lane which i s  a l s o  normal 
t o  vw. I f  vw i s  expressed i n  terms o f  i t s  components, 
A T 
t hen  
and i t s  u n i t  v e c t o r  i s  
F i n a l l y ,  t h e  w i n d - r e l a t i v e  bank angle,  4w, i s  c a l c u l a t e d  by 
A A 
*>> ow = Jarccos(w . P ) l .  
Th i s ,  b e i n g  i n  rad ians ,  must be conver ted t o  degrees. 
F i n a l l y ,  ad jus tments  must be made. Given t h a t  = [P, P P Z I T ,  t h e n  
I Y '  
i f  Pz < 0, change t h e  s i g n  o f  Ow:  QW = - Ow. 
A l s o ,  i f  t h i s  i s  an ascent  a n a l y s i s  (LAsc = .TRUE.) and O w  < 0, t h e n  add 360" 
t o  Q W .  
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EULANG 
C a l l i n g  Argument L i s t  ( i n  l i s t  o r d e r )  
I n p u t  
‘O/R Convers ion cons tan t  equal t o  degrees per  rad ian.  
F l a g  which i s  .TRUE. i f  ascent  a n a l y s i s  i s  be ing  done. LASC 
F l a g  which i s  .TRUE. f o r  t h e  f i r s t  pass th rough  t h e  r o u t i n e .  L1 
N e r r  E r r o r  counter  (Th is  can be incremented w i t h i n  t h e  r o u t i n e ,  
so i t  a l s o  can become an ou tpu t ) .  
T The 15-element s t a t e  vec to r  = [ S ,  -. . S 1 5 ]  . 
+ 
[Si S2 S3 IT = r g C B O D I  Geocent r i c  p o s i t i o n  v e c t o r  o f  
NB t h e  Nav Base i n  body 
coo rd ina tes .  
[S4, S5, S,IT = < [BOD] W i n d - r e l a t i v e  v e l o c i t y  o f  t h e  
Nav Base i n  body coord ina tes .  wind NB 
[ S 7 ,  Sg, S g l T  = 5 [BOD] W i n d - r e l a t i v e  a c c e l e r a t i o n  o f  
t h e  Nav Base i n  body 




[s13, s 1 4 y  S 1 5 I T  = [ E C I ]  I n e r t i a l  (ECI) angu la r  r a t e s  
o f  t h e  body axes. B 
Covar iance m a t r i x  o f  t h e  s t a t e  v e c t o r ,  5 .  
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Wind v e l o c i t y  expressed i n  body a x i s  coo rd ina tes .  
Covar iance m a t r i x  of [BOD]. 
W 
W i n d - r e l a t i v e  yaw angle i n  degrees. 
W i n d - r e l a t i v e  p i t c h  angle i n  degrees. 
W i n d - r e l a t i v e  r o l l  angle i n  degrees. 
U n c e r t a i n t y  ( s tandard  d e v i a t i o n )  i n  $w. 
U n c e r t a i n t y  (s tandard  d e v i a t i o n )  i n  ow. 
U n c e r t a i n t y  (s tandard  d e v i a t i o n )  i n  gw. 
W i n d - r e l a t i v e  yaw r a t e  i n  degrees/sec. 
W i n d - r e l a t i  ve p i t c h  r a t e  i n  degrees/sec. 
W i n d - r e l a t i v e  r o l l  r a t e  i n  degrees/sec. 
U n c e r t a i n t y  ( s tandard  d e v i a t i o n )  i n  qw. 
U n c e r t a i n t y  ( s tandard  d e v i a t i o n )  i n  eW. 
U n c e r t a i n t y  (s tandard  d e v i a t i o n )  i n  ow. 
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A1 g o r i  thms 
D e t e r m i n a t i o n  o f  a w i n d - r e l a t e d  c o o r d i n a t e  system 




v 1 f [BOD] - ;[BOD] = [ v R x ,  vRy, vRz 
w ind  
NB 
h h h  
Then, d e f i n e  a c o o r d i n a t e  system x ,  y, z such t h a t  
and 
i s  normal t o  GR and "r,cBOD]: t he  " r i g h t "  v e c t o r ;  
i s  o p p o s i t e  i n  d i r e c t i o n  t o  "r,[BOD]: t h e  "down" v e c t o r ;  
W 
NB 
z W  
NB 
h h h 
xw i s  normal t o  yw  and zw: t h e  " fo rward"  v e c t o r  (which completes 
t h e  t r i a d ) .  
F o r  n o t a t i o n a l  s i m p l i c i t y ,  l e t  "r,[BOD] be represented by ;B = [x,, Y B y  z B I T .  
NB 
Since u n c e r t a i n t i e s  o f  t h e  w i n d - r e l a t i v e  Eu ler  angles a r e  t o  be c a l c u l a t e d ,  i t  
i s  necessary t o  c a l c u l a t e  p a r t i a l  d e r i v a t i v e  ma t r i ces .  
s u b r o u t i n e s  P3UV and PCROSS. The f o l l o w i n g  n o t a t i o n  w i l l  be used. 
I f  a = [al, a, a 3 ]  and 6 = [bl, b2, b3] a r e  two v e c t o r s ,  t hen  t h e  p a r t i a l  
They a r e  s e t  up i n  
T T -P 
I 
I d e r i v a t i v e  m a t r i c e s  w i l l  be i n d i c a t e d  by 




T a b ,  
aa, aa, 
T I & - -  
aa3 aa3 
T a b ,  - 
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A 
Compute t h e  " r i g h t "  u n i t  vec to r ,  y, and i t s  p a r t i a l  d e r i v a t i v e  m a t r i c e s  
The s u b r o u t i n e  PCROSS i s  c a l l e d  t o  compute t h e  c r o s s  p roduc t  
" +  
y = vR X FB = [BOD] X f,[BOD]. 
NB RE L 
Then i t  computes t h e  skew-symmetric p a r t i a l  d e r i v a t i v e  m a t r i c e s  o f  y' w i t h  
respec t  t o  t h e  two i n p u t  vec to rs ,  vR and rg, o f  which $ i s  t h e  c ross  p rqduc t ,  -k -+ 
Another s u b r o u t i n e ,  P3UV, i s  c a l l e d  which computes t h e  u n i t  v e c t o r  o f  $ 
T 
+ 
A Y  Y = 7= C Y 1 9  Y29 Y 3 1  
I Y  I 
LI 
and t h e  p a r t i a l  d e r i v a t i v e  m a t r i x  o f  y w i t h  
Then, t h e  f o l l o w i n g  p a r t i a l  d e r i v a t i v e  m a t r  
A 
r e s p e c t  t o  y': [--I. aY 
aY 
ces a r e  computed: 
A A -b 
and A A 
A 
Compute t h e  "down" u n i t  vec to r ,  z, and i t s  p a r t i a l  d e r i v a t i v e  m a t r i x  




Since t h e  "down" d i r e c t i o n  i s  o p p o s i t e  t o  t h a t  o f  T,, 
and i t s  p a r t i a l  d e r i v a t i v e  m a t r i x  i s  
A 
A 
Z a rB CP(,)l = - C Y ] .  
A 
Compute t h e  ' ' fo rward"  u n i t  vec to r ,  x, and i t s  p a r t i a l  d e r i v a t i v e  m a t r i c e s  
A 
Since t h e  " forward"  v e c t o r  x completes the  t r i a d ,  t h e  s u b r o u t i n e  PCROSS i s  
c a l l e d  t o  c a l c u l a t e  
A L I I -  
x = y x z = [ X I ,  x2, X 3 I T ,  
A A 
ax [P(*)] = [Y] 
and Y aY 
X ax [P(,)] = C Y ] .  
az Z 
Compute t h e  w i n d - r e l a t i v e  p i t c h  ang le ,  O w ,  and i t s  p a r t i a l  d e r i v a t i v e s  
eW i s  c o n s t r a i n e d  so t h a t  -180 7 O W  7 180. 
The p a r t i a l  d e r i v a t i v e  m a t r i c e s  a r e  expressed as  row m a t r i c e s :  
aew aew a e w  Z 1  
Y 0, 01 a eW 
ax c l l = c ~ y a X p ' a x , l = C  2 2 1/2 
(x1  + z1  
r Y 3 2 1 a x , l = C  
and 
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These w i l l  be used t o  determine t h e  ang le  r a t e s  and u n c e r t a i n t i e s .  
Compute t h e  w i n d - r e l a t i v e  yaw ang le ,  QU, and i t s  p a r t i a l  d e r i v a t i v e s  
*>> a r c s i n  (yl) - 'W - 'DIR 
A 
I t s  p a r t i a l  d e r i v a t i v e s  w i t h  respec t  t o  y a r e  
5 0 5  01  a'W a$W abw a4Jw 1 E-;;-I = c-, ay2' = I E  c aY 1 2 2 1 / 2  
(Y2 -t Y 3  1 aY 
Compute t h e  w i n d - r e l a t i v e  r o l l  angle,  J, and i t s  p a r t i a l  d e r i v a t i v e s  W '  
1 
Y3 
a r c s i n  ( ow = - c ~ / ~  2 2 1/2 *>> 
(Y2 + Y 3  1 
ow i s  c o n s t r a i n e d  so t h a t  -180" ? +w ? 180°. 
F o r  ascent  - and ow < 0, ow i s  made p o s i t i v e :  +w = ow + 360". 
I t s  p a r t i a l  d e r i v a t i v e s  a r e  
-Y 2 Y 3  
-1 = [O, 3. c - 4  = [-, - a + W  
2 V  a Y l  3 Y 2 '  dY3 2 2 '  2 2 
-.I Y2 -t Y 3  Y 2  Y 3  
Compute p a r t i a l  d e r i v a t i v e  m a t r i c e s  used t o  compute ang le  r a t e s  and t h e i r  
u n c e r t a i n t i e s  
The m a t r i x  o f  t h e  p a r t i a l  d e r i v a t i v e s  o f  the  w i n d - r e l a t i v e  E u l e r  
angles,  w i t h  respec t  t o  t h e  u n i t  vec to rs  and i s  c a l c u l a t e d  t o  be EWi 9 
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The i n d i v i d u a l  d e r i v a t i v e s ,  o r  e lements,  o f  t h i s  m a t r i x  a r e  4s f o l l o w s :  
aew ax, aew ax2 aew ax3 
+ -  -* i = 1,2,3 aeW ayi ax, ayi ax2 ayi ax3 ayi' 
- = -  - + -  - 
aew ax, aew ax2 aew ax3 
azi ax, azi ax2 azi ax3 azi ; i = 1,2,3 
- - - - - + + - + - -  
- Y2 a+w - Y3 a+W - * - -  0; -- a +W - =  
aY 1 aY 2 2 2 '  ay3 2 2 
Y 2  -t Y 3  Y 2  -t Y 3  
and 
-+ 
The m a t r i c e s  o f  p a r t i a l  d e r i v a t i v e s  o f  the s t a t e  v e c t o r  p o s i t i o n ,  rB, and 
wind-re1 a t i  ve v e l o c i t y ,  vR ,+ with r e s p e c t  t o  t h e  w i n d - r e l a t i v e  E u l e r  angles,  
+ 
, a r e  as f o l l o w s .  With rB = [xB, yB, zgIT ,  
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’Rz Rx 0 - v  
- X  y] 
0 .  
- 
V Rz Ry - V  
F R Y  ‘Rx 0 
- 
. 
Another  m a t r i x  t h a t  i s  used f o r  t h e  d e t e r m i n a t i o n  o f  E u l e r  ang le  r a t e s  i s  t h a t  
A A c o n t a i n i n g  t h e  p a r t i a l  d e r i v a t i v e s  of y and z w i t h  respec t  
IT 
T t o  r g ,  vR’ +, O w ,  !,. With rB = [x,, yB, zB] and f = [V -b + +  v Rx’ Ry’ ‘Rz ’ 
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C P i j l  = 
The elements pij i = 1 - 6 and j = 7, 8, 9 a re  computed as fo l l ows .  
L e t  E w i  = 
l 
EW2 = ow,  and EW3 = 9, then f o r  i = 1,2,3 and j = 7,8,9 
1 
and f o r  i = 4,5,6 w i t h  j = 7,8,9 I 
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The index  k i s  used as f o l l o w s :  f o r  k = l ,  rk = xB and V k  = V R ~ ;  f o r  k=2, 
r k  = yB and Vk = vRy; and f o r  k=3, r k  = ZB and Vk = VR,. 
The nex t  s tep  i s  t o  c a l c u l a t e  t h e  p a r t i a l  d e r i v a t i v e  m a t r i x  
The rema in ing  elements a r e  taken d i r e c t l y  f rom [p .  .]; t h a t  i s ,  
1 J  
Pij - pij f o r  i = l Y 2 , 3  and j = 7,8,9. 
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The angle r a t e s ,  Gw, i,, and $w, a r e  c a l c u l a t e d  from 
Note t h e  r i g h t  hand m a t r i x  i s  a p o r t i o n  o f  t h e  s t a t e  v e c t o r ,  5 ,  which i n c l u d e s  
words 4 th rough  9 and 13 th rough  15. 
S p e c i f i c a l l y  i n  terms o f  t h e  elements P i j  
*>> $w = p31vx ’ p32v Y ’ p33vz ’ p34vx ’ p3SVy ’ p 3 6 v z  ’ p 3 7 $ I  ’ P 3 8 e I  ’ p 3 J $ ~  
These a re  conver ted f rom rad ians  per sec t o  degrees per  sec. 
Compute t h e  w i n d - r e l a t i v e  E u l e r  ang le  r a t e  u n c e r t a i n t i e s  
Consider t h e  [ P I  m a t r i x  as a three-element (column) m a t r i x  whose elements a r e  




P i  = CPi” **.Pig]. 
The s t a t e  vec to r  3, i s  dimensioned as a 15-element a r ray ,  and, t h e r e f o r e ,  i t s  
covar iance m a t r i x ,  $ ( S ) ,  i s  dimensioned 15 x 15. 
and 12 a re  no t  used, so, f o r  t h e  Euler  angle and angle r a t e  u n c e r t a i n t i e s ,  
terms o f  $ and $($) i n v o l v i n g  p o s i t i o n ,  rg, a r e  n o t  used. 
o f  $ and $ ( S )  a r e  accessed i n  such a way as t o  e f f e c t i v e l y  make 3 a n i n e  
element vec to r  and a(!$) a 9 x 9 m a t r i x .  
However, elements 10, 11, 
+ 
The elements 
Then cons ider  $($)  as a n ine  element column m a t r i x  o f  n ine  element row 
vec to rs ,  
T $(9 = I C i j ]  = cc,, c2 . * . C S l  = CC,], 
where 
tj = C C j l ,  ... c j g l *  
Now, d e f i n e  Ri as t h e  do t  product  
Rij  = E j  piT 
Nine o f  these, 1 7 j ? 9, a r e  arranged t o  form a vec tor ,  ti. 
2 
The var iance,  u(EWi) , of t h e  ith w i n d - r e l a t i v e  Eu le r  angle r a t e  i s  computed 
f rom 
2 +  + 
a(EWi) = Pi Ri; i = 1,2,3. 
I n  o t h e r  words, 
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A l l  t h r e e  v a r i a n c e s  are  t e s t e d  f o r  being p o s i t i v e .  
n e g a t i v e  i s  s e t  t o  zero,  and a message i s  w r i t t e n  t o  an o u t p u t  f i l e .  
Any which i s  found t o  be 
F i n a l l y ,  t h e  u n c e r t a i n t i e s  ( s tandard  d e v i a t i o n s )  o f  t h e  w i n d - r e l a t i v e  E u l e r  




These a r e  a l l  conve r ted  from radian/sec t o  degrees sec. 
Compute t h e  w i n d - r e l a t i v e  E u l e r  ang le  u n c e r t a i n t i e s  
Again, c o n s i d e r i n g ' $ ( S )  as a 9 X 9 m a t r i x ,  t h e  wind v e l o c i t y  cova r iance  
m a t r i x ,  $(; [BOD]), which i s  a 3 X 3 m a t r i x ,  i s  added t o  it. I f  
w ind  
t h e  sum, t(a), a 9 X 9 m a t r i x ,  i s  formed as f o l l o w s :  
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. . .  
. . .  
. 
. 
c 3 4  
c 4 4  + v11 
c 5 4  + V 2 l  




c 4 5  + v12 
c 5 5  + v22 





c 3 6  
c 4 6  + v13  
c 5 6  + v23 
c 6 6  + v 3 3  
c 7 6  
. 
- 
. . .  
. . .  
. . .  
C 9 9  
$(w ' )  i s  cons ide red  as a column v e c t o r  w i t h  each o f  t h e  n i n e  elements be ing  a 




where each fi. i s  
J 
+ w j  = cwji y ...Wj9]. 
Then, as before,  u s i n g  
t h e  d o t  p r o d u c t  Rij i s  computed f rom 
There a r e  n i n e  Ll ? j 7 9) elements,  R i j ,  which form a v e c t o r  Ri. The 
va r iance ,  u(Ei) ', of t h e  ith w i n d - r e l a t i v e  E u l e r  ang le  i s  computed f rom 
2 
a(EWi) = Fi ti; i = 1,2,3. 
A l l  t h r e e  va r iances  a r e  t e s t e d  f o r  being p o s i t i v e .  Any which i s  found t o  be 
n e g a t i v e  i s  s e t  t o  zero, and a message i s  w r i t t e n  t o  t h e  o u t p u t  f i l e .  
F i n a l l y ,  t h e  u n c e r t a i n t i e s  ( s tandard  d e v i a t i o n s )  o f  t h e  w i n d - r e l a t i v e  E u l e r  




*> > .(e,) = Ca(qJ 1 ; 
*>> 0,) = [.(e,) 1 ; and 
*>> 4 4 , )  = [a(+,) I 
These a r e  a l l  conve r ted  from r a d i a n s  t o  degrees. 
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EULRATE 
C a l i n g  Argument L i s t  ( i n  l i s t  o r d e r )  
I n p u t  
+ 
rOCM50I Geocent r i c  p o s i t i o n  o f  t h e  Navigat  
NB coord ina tes .  
+ 
rgCM501 Geocent r i c  v e l o c i t y  o f  t he  Navi ga t  
NB coord ina tes .  
on Base i n  M50 
on Base i n  M50 
$BOD] O r b i t e r  angul a r  vel o c i  t y  i n  body a x i  s coord i  nates. 
[M50 + BOD] T rans format ion  m a t r i x  f rom M50 t o  BODY a x i s  coo rd ina tes  
(The Nav iga t i on  Base i s  t h e  o r i g i n  o f  t h e  BODY system.). 
[M50 + TOP] T rans format ion  m a t r i x  f rom M50 t o  TOPodetic coord ina tes .  
[TOP + BOD] Trans format ion  m a t r i x  from TOPodetic t o  BODY coord ina tes .  
o u t p u t  
=[TOP] 
I n p u t  
‘DR 
Topodet ic  E u l e r  angle r a t e s  f o r  yaw, p i t c h ,  and r o l l :  
T 
= c$T, eT, $ T I  
Conversion constant  equal t o  degrees per  rad ian.  
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A1 g o r i  thm 
The a l g o r i t h m  i s  described i n  TRW IOC 83:W482.4-28, dated 25 March 1983 and 
w r i t t e n  by Darwin H. P o r i t z .  This document i s  inc luded  i n  t h e  Attachment. 
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FPANG 
C a l l i n g  Argument L i s t  ( i n  l i s t  o r d e r )  
I n p u t  




W i n d - r e l a t i v e  v e l o c i t y  o f  t h o  Center o f  Mass i n  t h e  
TOPodet i c frame. 
a(; [TOP]) U n c e r t a i n t y  i n  $ [TOP]. 
w ind  wind 
CM CM 
ou tpu t  
'WR Magnitude of 't [TOP]. 
wind 
CM 
U n c e r t a i n t y  i n  VWR. 
W i n d - r e l a t i v e  ( " l o c a l  ' I )  f l i g h t  pa th  ang le  i n  degrees. 
U n c e r t a i n t y  i n  yw. 
W i n d - r e l a t i v e  ( " l o c a l  ' I )  azimuth, o r  heading angle,  i n  
degrees. 
U n c e r t a i n t y  i n  'Yw. 
.. 
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A1 g o r i  thms 
Compute t h e  magnitude, VWR , and i t s  u n c e r t a i n t y ,  u(VMR) 
Then, t h e  magnitude o f  t h i s  v e l o c i t y  i s  
2 2 2 112 
+ 'Rz RY 
+ v  - *>> "WR - ('Rx 
L e t  
CM 
Then, t h e  u n c e r t a i n t y ,  o r  s tandard  dev ia t i on ,  i n  VWR, t h e  magnitude o f  t h e  
w i n d - r e l a t i v e  v e l o c i t y ,  i s  
Compute t h e  w i n d - r e l a t i v e  f l i g h t  pa th  angle and i t s  u n c e r t a i n t y  
The w i n d - r e l a t i v e  f l i g h t  pa th  ang le  i s  computed f rom 
- "Rx 
'WR 
*>> yw = arcsin(-). 
which i s  conve r ted  f rom rad ians  t o  degrees. 
Its  u n c e r t a i n t y ,  o r  s tandard  d e v i a t i o n ,  i s  computed from 
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Compute t h e  aximuth,  o r  heading, and i t s  u n c e r t a i n t y  
The w i n d - r e l a t i v e  ax imuth ang le  i s  computed f rom 




wh ich  i s  conve r ted  f rom rad ians  t o  degrees. I t s  u n c e r t a i n t y ,  o r  s tandard  
d e v i a t i o n ,  i s  computed wi th  
Y 




C a l l i n g  Argument L i s t  ( i n  l i s t  o r d e r )  







Conversion cons tan t  equal t o  degrees per  rad ian.  
Geocent r i c  p o s i t i o n  o f  t h e  Nav iga t i on  Base i n  t h e  M50 
frame. 
Geocent r i c  v e l o c i t y  o f  t h e  Nav iga t i on  Base i n  t h e  M50 
frame. 
Magnitude of Fg[M50]. 
NB 
Magnitude o f  f,[M50]. 
I n e r t i a l  f l i g h t  pa th  ang le  measured, i n  degrees, i n  
h o r i z o n  p lane  
NB 
I n e r t i a l  azimuth, or head 
f rom t h e  North. 
e, measured i n  degrees, 
A1 g o r i  thms 






Computat ion of t h e  i n e r t i a l  f l i g h t  path ang le ,  y T  
A A 
F i r s t ,  t h e  u n i t  v e c t o r s  rNB and vNB f o r  t h e  p o s i t i o n  and v e l o c i t y  v e c t o r s ,  
r e s p e c t i v e l y ,  a r e  computed: 
and 
The i n e r t i a l  f l i g h t  p a t h  angle i s  computed f rom 
*>> yI = a r c s i n  (rNB 
which i s  conve r ted  f rom rad ians  t o  degrees. 
A A 
‘NB) 
Computat ion o f  t h e  i n e r t i a l  azimuth or heading, Y, 
F i r s t ,  t h e  c ross  p roduc t  o f  v e l o c i t y  and p o s i t i o n  i s  c a l c u l a t e d ;  
+ +  L = ra[M50] X ?@[M50]. 
NB NB 
Then, t h e  h o r i z o n t a l  v e l o c i t y ,  t i s  c a l c u l a t e d  f rom H ’  
+ + 




and i t s  u n i t  vec to r ,  v i s  determined; " 
+ 
A - VH 
VH -  I'H I 
The vec to r ,  fi, p o i n t i n g  Nor th i s  computed f rom 
fi = f,[M50] X ( i  X fgCM501) 
NB NB 
where k^  i s  t h e  ( u n i t )  v e c t o r  CO,O,l] T . 
Then, 
+ A A A A A A A 
N = (xIi + y,j t zIk) X [k X (xIi t y,j t zIk)] 
A A 2 2 1  
= - zx i - z y j  + ( x  t y )k 
2 T  
= c- zx, - zy, (x  t y )I . 
The u n i t  v e c t o r  i s  c a l c u l a t e d  from 
A 
Next, t h e  u n i t  vec to r ,  E '  p o i n t i n g  East i s  computed from 
A A A  
Then, 
A A  A A 
COS I, = N vH and s i n  Y, = E vH. 
To a v o i d  a s i n g u l a r i t y  when computing YI, cos Y i s  checked. I 
If cos 1, = 0 and s i n  YI > 0, s e t  YI = Oo 
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I f  cos YI = 0 and s i n  Y I  70, s e t  \ y I  = 270° 
I f  cos YI# 0, then  Y i s  computed from 
*>> a r c t  ,an(cos sin p') Y I  
which i s  conver ted  f rom rad ians  t o  degrees. 
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GEODGEO 
C a l l  i n g  Argument L i s t  ( i n  1 i s t  o r d e r )  
I n o u t  
'D/R 
pE 
A l a o r i t h m  
Conversion constant  equal t o  degrees pe r  rad ian .  
Array o f  Ea r th  geophysical parameters. Those used here a r e  
as f o l l o w s :  
= E a r t h ' s  e q u i t o r i a l  r a d i u s  = PE(l) R@E 
Rgp = Earth 's p o l a r  r a d i u s  = 'E(6) 
Geodetic l a t i t u d e ,  i n  degrees, o f  t h e  d e s i r e d  l o c a t i o n ,  P. 
Geodetic l ong i tude ,  i n  degrees, o f  t h e  d e s i r e d  l o c a t i o n ,  P. 
Geodetic he igh t ,  i n  f e e t ,  o f  t h e  d e s i r e d  l o c a t i o n ,  P. 
Geocent r i c  p o s i t i o n  v e c t o r  o f  t h e  d e s i r e d  l o c a t i o n ,  P, i n  
t h e  GEOgraphi c ( "Ear th -F i  xed-Greenwi ch")  c o o r d i n a t e  system. 
F i r s t  #, and AD a r e  conver ted  from degrees t o  rad ians.  Then 
and 
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d + h s i n  AD z D  
cos A D  
D s i n  X 
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GEOGEOD 
C a l l i n g  Argument L i s t  ( i n  l i s t  o r d e r )  









Conversion constant  equal t o  degrees p e r  rad ian.  
E q u i t o r i a l  r a d i u s  o f  t h e  Ear th.  
P o l a r  r a d i u s  of the Earth.  
P o s i t i o n  v e c t o r  o f  a p o i n t ,  P, (eg., for t h e  v e h i c l e ,  t h e  
Center  of Mass, o r  t h e  N a v i g a t i o n  Base) expressed i n  
GEOgraphic coord inates.  
CnnAn+i r  l % + d + , , A n  4 -  rlmn....,.- .c n 
U G U U G ~ U ~  IUI.ICUUG, I I I  u c y i c ; ~ ~ ,  UI puiiir. r .  
Geodet ic  l o n g i t u d e ,  i n  degrees, o f  p o i n t  P. 
Geodet ic  h e i g h t ,  i n  f e e t ,  o f  p o i n t  P. 
D e c l i n a t i o n ,  i n  degrees, o f  p o i n t  P. 
A l g o r i t h m s  
P r e l  i m i  n a r y  c a l c u l a t i o n s  
F i r s t ,  t h e  E a r t h ’ s  f l a t t e n i n g ,  f, i s  c a l c u l a t e d  f rom i t s  d e f i n i t i o n :  
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The components of t h e  geographic p o s i t i o n  v e c t o r  a r e  xG, yG, zG; t h a t  i s ,  
The f o l l o w i n g  parameters a re  c a l c u l a t e d  from f and t h e  g e o c e n t r i c  p o s i t i o n :  
Now, a parameter, Bpl, i s  c a l c u l a t e d  by means o f  a f i ve -pass  i t e r a t i o n .  
i t e r a t i o n  i s  i n i t i a l i z e d  by s e t t i n g  
The 
Bo = 0.0067 
Then, f o r  i = 0,1,2,3, and 4 
n n 
i { i j  DP1 = + 
Steps 1 th rough  3 a r e  repeated u n t i l  i = 4. 
Then, 
Bpl = B4 + 1 
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C a l c u l a t e  t h e  geode t i c  l a t i t u d e ,  OD, and l o n g i t u d e ,  
The l a t i t u d e  i s  c a l c u l a t e d  from 
*>> $, = a r c t a n [  b 1  
which i s  conve r ted  from radans t o  degrees. 
The l o n g i t u d e  i s  
*>> AD = arctan(,) YG 
G 
which i s  c o n v e r t e d  f rom rad ians  t o  degrees. 
C a l c u l a l a t e  t h e  g e o d e t i c  h e i g h t ,  h, 
The h e i g h t  i s  c a l c u l a t e d  from 
*>> 
C a l c u l a t e  t h e  d e c l i n a t i o n ,  6 
The d e c l i n a t i o n  i s  c a l c u l a t e d  f rom 
3 2 2 1/2 
zG 6 = a r c t a n [  *>> 
('6 ' YG ) 
which i s  c o n v e r t e d  from rad ians  t o  degrees. 
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SPBCALC 
C a l l  i ng Argument L i s t  ( i n  1 i s t  o r d e r )  
I n p u t  
m 3 0 D l )  Covar iance m a t r i x  o f  e r r o r s  i n  body a x i s  o r i e n t a t i o n  which 
a r e  e r r o r s  i n  t h e  body a x i s  E u l e r  angles i n  rad ians .  
8[BOD] = [E,, c 8 ,  c 4 ]  where + = yaw, tj = p i t c h ,  and u, = r o l l .  T 
+ 
U 
InDut  and Outout  
Vec tor  f o r  which the cova r iance  m a t r i x  i s  t o  be c o r r e c t e d  
f o r  body a x i s  o r i e n t a t i o n  e r r o r s .  The v e c t o r  has t h e  
elements u = [ul, u2, u3]  . + T 
$(a Covar iance m a t r i x  o f  t h e  v e c t o r  c. 
e f f e c t  o f  body a x i s  e r r o r s  and o u t p u t  w i t h  these  e f f e c t s  
added t o  it. 
It i s  i n p u t  w i t h p u t  t h e  
A1 a o r i  thm 
F i r s t ,  t h e  p a r t i a l  d e r i v a t i v e  m a t r i x  i s  c o n s t r u c t e d  as f o l l o w s :  
0 4 3  u2 
Then, t h e  c o n t r i b u t i o n  o f  t h e  a x i s  u n c e r t a i n t y  i s  c a l c u l a t e d  by 





C a l l  i ng Argument L i s t  






4 W v )  
Conversion cons tan t  equal t o  degrees per  rad ian .  
Hor i  zon ta l  wind speed. 
D i  r e c t i  on angl e o f  h o r i  z o n t a l  wind ve l  o c i  t y  i n  degrees. 
U n c e r t a i n t y  i n  WH. 
U n c e r t a i n t y  i n  eH (eH i n  degrees). 
U n c e r t a i n t y  i n  v e r t i c a l  wind speed. 
[TOP] Wind v e l o c i t y  expressed i n  TOPodetic coord ina tes .  




e ( $  [TOPI )  
w ind  
A1 g o r i  thm 
C a l c u l a t i o n  o f  wind v e l o c i t y  expressed i n  t o p o d e t i c  coo rd ina tes  
F i r s t ,  eH and a(eH)  a r e  conver ted  t o  rad ians by d i v i d i n g  by COIR. Then 
*>> f [TOP] = -WH 
wind i"" s i n  $, . COS eH 0 1 
110 
C a l c u l a t i o n  o f  t h e  covariance m a t r i x  o f  f [TOP] 
wind 
The m a t r i x  elements a re  set  as fol lows: 
*>> $(? [TOP]) = 
wind 
1 
2 2 2 2 2 
{[u(w,) cos e,] + [w, .(e,) s i n  eH] } {cos  eH s i n  eH[.(wH) t wH .(e,) 11 o 
{cos eH s i n  e,[u(w,) + w,, .(eH) 1) {[.(WH) s i n  eHI t [w, cos tj,] j o 2 2 2 2 2 
0 0 4 W ” )  
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4.2 THE NAVBLK FILE 
The purpose o f  t h e  NAVBLK f i l e  i s  t o  p rov ide  t h e  user  w i t h  a magnet ic  tape 
f i l e  which con ta ins  a l i s t  o f  i n p u t  parameter va lues used by t h e  t r a j e c t o r y  
e s t i m a t i o n  (BET) system. Th is  f i l e  i s  produced by t h e  program I2I IPC.  The 
conten ts  o f  t h e  NAVBLK f i l e  a re  gathered by t h e  program INPUT whose i n p u t s  a r e  
m a i n l y  user  i npu ts .  
(DELTA) and g e o c e n t r i c  d i s tance  (RSUBO) o f  t h e  Nav Base as t h e  v e h i c l e  s i t s  on 
t h e  launch pad b e f o r e  launch. These t w o  terms, DELTA and RSUBO, a re  
c a l c u l a t e d  i n  INPUT; t h e  a l g o r i t h m s  f o r  them a r e  g i ven  i n  Sec t i on  4.2.2 of  
t h i s  document. 
The o n l y  c a l c u l a t e d  parameters a r e  t h e  d e c l i n a t i o n  
4.2.1 D e f i n i t i o n  o f  Terms 
The NAVBLK f i l e  c o n t a i n s  cons tan ts  requ i red  f o r  a BET s o l u t i o n .  The terms i n  
t h i s  f i l e  a r e  d e f i n e d  in Table 1 on t h e  nex t  page. 
t h e  con ten ts  o f  t h e  NAVBLK a re  arranged i n  t h e  f i l e  records.  
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4.2.2 ComDutation o f  t h e  Terms DELTA and RSUBO 
These terms a r e  computed f o r  ascent a n a l y s i s  i n  t h e  program INPUT. 
t h e  g e o c e n t r i c  d i s t a n c e  o f  t h e  Nav iga t i on  Base as t h e  S h u t t l e  s i t s  on t h e  
launch pad. DELTA i s  the  d e c l i n a t i o n  (o r  g e o c e n t r i c  l a t i t u d e )  o f  t h e  
N a v i g a t i o n  Base b e f o r e  launch. The f o l l o w i n g  symbols w i l l  be used: 
RSUBO i s  
E q u i t o r i a l  r a d i u s  of t h e  Earth. R@E 
P o l a r  r a d i u s  o f  t h e  Earth.  
Geodet ic  l a t i t u d e  of  t h e  launch s i t e ,  i n  degrees. 
00 
Geodet ic  h e i g h t  o f  the Nav Base, a t  t h e  launch s i t e ,  above 






Tne i a t i t u d e  i s  conver ted  t o  rad ians  w i t h i n  t h e  a lgo r i t hm.  
as f o l l o w s .  D e f i n e  




2 2 1/2 
v = (vxy + vz  ) . 
Then, l e t  
Then, t h e  d e c l i n a t i o n  i s  
1. *>> 6 F a r c t a n (  sz + xo 
sxy + uxy xo 
The g e o c e n t r i c  d istance o f  t h e  Nav Base i s  
*> > 
4.2.3 NAVBLK F i l e  Format 
Each r e c o r d  w r i t t e n  by t h e  program I2ZIPC i s  1000 words long. 
i s  shown i n  t h e  f o l l o w i n g  t a b l e .  
The f i l e  format 












































































TOPODETIC EULER ANGLE RATES 
( A p p l i c a b l e  Document 5 ,  Sect ion  3.0) 
A- 1 
83:w482.4-2a 
25 March 1983 
Attachment,  Page 2 
1. I NTRODUCT I ON 
The Ascent/Descent Best Est imated T r a j e c t o r y  (RET) which i s  produced by 
t h e  O P I P  program p r o v i d e s  space i n  words 216, 217, and 218 o f  each r e c o r d  f o r  
r a t e s  of O r b i t e r  E u l e r  angles r e l a t i v e  t o  t h e  i ns tan taneous  t o p o d e t i c  axes. 
T h i s  memorandum proposes a method f o r  computing t h e s e  angu la r  r a t e s  and 
p resen ts  t h i s  method i n  Sec t i on  3 below. The d e f i n i t i o n  o f  t h e  E u l e r  angles 
i s  g i ven  i n  Sec t i on  2. 
2. TOPODETIC EULER ANGLES: YAW, PITCH, AND ROLL 
The t o p o d e t i c  c o o r d i n a t e  system i s  de f i ned  and d i s p l a y e d  i n  a f i g u r e  i n  
Appendix A o f  Reference 1. 
e.g., t h e  O r b i t e r ' s  c e n t e r  o f  g r a v i t y  o r  n a v i g a t i o n  base. 
E a r t h ' s  g r a v i t y )  f rom t h e  o r i g i n  a long  t h e  l o c a l  p e r p e n d i c u l a r  t o  t h e  F i s c h e r -  
e l l i p s o i d  model o f  t h e  E a r t h ' s  sur face.  The u n i t  v e c t o r  f r e p r e s e n t i n g  t h e  
t o p o d e t i c  x a x i s  i s  p e r p e n d i c u l a r  t o  f and p o i n t s  nor thward i n  t h e  o r i g i n ' s  -3 
m e r i d i a n  plane. The u n i t  v e c t o r  f r e p r e s e n t i n g  t h e  t o p o d e t i c  y a x i s  
-2 
The o r i g i n  o f  t h e  system i s  t h e  p o i n t  o f  i n t e r e s t ,  
The u n i t  v e c t o r  
f r e p r e s e n t i n g  t h e  t o p o d e t i c  z a x i s  p o i n t s  down ( i n  t h e  d i r e c t i o n  o f  
-3 
-1 
#.--..l..t-.. & L a  -: -LA L - - A - - l  
L U I I I ~  I c b c a  L I IC  I I yiiL-iiaIIUeU, ~i . t i iUyUI ldi  hybit!lll.  
The O r b i t e r ' s  body-ax is  c o o r d i n a t e  system i s  a l s o  d e f i n e d  and d i s p l a y e d  
i n  a f i g u r e  i n  Appendix A o f  Reference 1. The o r i g i n  of t h e  system i s  t h e  
O r b i t e r ' s  c e n t e r  of g r a v i t y .  The u n i t  vec to r  e r e p r e s e n t i n g  t h e  body x 
a x i s  i s  p a r a l l e l  t o  t h e  O r b i t e r  s t r u c t u r a l  body Xo a x i s  and p o s i t i v e  toward  
t h e  O r b i t e r ' s  nose. The u n i t  v e c t o r  e r e p r e s e n t i n g  t h e  body z a x i s  i s  
p a r a l l e l  t o  t h e  O r b i t e r ' s  p lane  o f  symmetry, i s  p e r p e n d i c u l a r  t o  e , and 
p o i n t s  downward w i t h  respec t  t o  t h e  O r b i t e r ' s  fuse lage.  The u n i t  v e c t o r  e 





The t o p o d e t i c  E u l e r  angles o f  yaw J, , p i t c h  8 , and r o l l  4 a r e  
d e f i n e d  by f i c t i t i o u s l y  a l i g n i n g  t h e  O r b i t e r ' s  body axes x , y , and z 
w i t h  t h e  t o p o d e t i c  u n i t  v e c t o r s  f f and L3 , r e s p e c t i v e l y ,  and t h e n  -1 ' -2 ' 
r o t a t i n g  t h e  O r b i t e r  i n  a p a r t i c u l a r  way u n t i l  t h e  body axes x , y , and 
z a r e  a l i g n e d  w i t h  t h e  body-axis u n i t  vec to rs  e e , and e 
r e s p e c t i v e l y .  
a x i s  th rough  t h e  ang le  J, . The second r o t a t i o n  i s  t h r o u g h  t h e  ang le  8 
about t h e  f i c t i t i o u s l y  a l i g n e d  by y a x i s  a f t e r  t h e  f i r s t  r o t a t i o n  t h r o u g h  
-1 ' -2 -3 ' 
The f i r s t  r o t a t i o n  i s  about t h e  f i c t i t i o u s l y  a l i g n e d  body z 
83zW482.4-28 
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$ . The t h i r d  r o t a t i o n  i s  t h rough  t h e  angle 4 about t h e  f i c t i t i o u s l y  
a l i g n e d  x a x i s  a f t e r  t h e  r o t a t i o n s  th rough IC, and e . 
Le t  I ( $ )  , J ( e )  , and K ( g )  denote t h e  or thogona l  t r a n s f o r m a t i o n s  f o r  
t h e  success ive r o t a t i o n s  o f  yaw, p i t c h ,  and r o l l  by JI , e , and g r a d i a n s  
r e s p e c t i v e l y .  From s imp le  f i g u r e  drawings, i t  can be shown t h a t  
cose 0 -s ine  
s i  ne 0 cose 
1 0 ] , and 
0 
L O  -s ing  cos4 J 
The complete r o t a t i o n  L(+,e,g)  i s  g iven  by t h e  p roduc t  
L(*,e,+) = K(+)  J ( e )  I($) 
3. TOPODETIC EULER ANGLE RATES 
It is conven ien t  t o  c a l c u l a t e  t h e  Eu le r  ang le  r a t e s  , , and i from 
t h e  p e r s p e c t i v e  o f  an i n e r t i a l  c o o r d i n a t e  system. The mean-of-1950 (M50) 
i n e r t i a l  c o o r d i n a t e  system i s  d e f i n e d  and d i s p l a y e d  i n  a f i g u r e  i n  Appendix A 
of Reference 1. L e t  zl , z2 , and g 
o f  t h e  M50 x , y , and z axes, r e s p e c t i v e l y .  L e t  
be t h e  u n i t  vec to rs  i n  t h e  d i r e c t i o n s  -3 
83:W482.4-28 
25 March 1983 
Attachment, Page 4 
be t h e  or thogna l  t r a n s f o r m a t i o n  from M 5 0  t o  body-ax is  coord ina tes .  It f o l l o w s  
t h a t  t h e  E . ' s  a r e  t h e  body axes el , and e expressed i n  M 5 0  
coord ina tes .  L e t  
-J -3 
be t h e  or thogona l  t rans fo rma t ion  from M 5 0  t o  t o p o d e t i c  coord ina tes .  The 
F . ' s  a r e  t h e  t o p o d e t i c  axes f , f , and f expressed i n  M 5 0  
-J -1 -2 -3 
coord ina tes .  The m a t r i c e s  A and B are a l r e a d y  computed w i t h i n  t h e  O P I P  
program. 
The body angul a r  v e l o c i t y  - w expressed i n  body-axi s c o o r d i  na tes  i s 
s u p p l i e d  as an i n p u t  t o  t h e  OPIP program, 
t h e  O r b i t e r ,  t h e  angu la r  v e l o c i t y  o f  t h e  body axes r e l a t i b e  t o  an i n e r t i a l  
frame i s  t h e  same as t h e  angu lar  v e l o c i t y  o f  t h e  body. 
S ince t h e  body axes a r e  f i x e d  i n  
L e t  
be t h e  body angu lar  v e l o c i t y  expressed i n  M50 coord ina tes .  
D e f i n e  4 as t h e  angu lar  v e l o c i t y  o f  t h e  t o p o d e t i c  axes as seen f rom t h e  
M 5 0  i n e r t i a l  frame and as expressed i n  M 5 0  coord ina tes .  
v e l o c i t y  as seen i n  t h e  t o p o d e t i c  frame i s  found by removing t h e  r o t a t i o n a l  
mot ion  o f  t h e  t o p o d e t i c  frame f rom t h e  i n e r t i a l  body angu la r  v e l o c i t y .  
There fore  
The body angu la r  
i s  t h e  body angu la r  v e l o c i t y  as seen i n  the t o p o d e t i c  frame and a s  expressed 
i n  M5O coord ina tes .  
4 can be decomposed i n t o  r o t a t i o n a l  mot ion  about 
The nex t  s tep  i s  t o  compute 4 . 
due t o  nor thward  
mot ion  o f  t h e  O r b i t e r  and i n t o  r o t a t i o n a l  mot ions about f and f due t o  
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p o s i t i o n  and v e l o c i t y  o f  t h e  O r b i t e r  i n  M50 coord ina tes .  
f o r  4 i s  
An approx imate v a l u e  
L I 
The f i r s t  t e r m  above i s  approximate because i t  n e g l e c t s  t h e  a d d i t i o n a l  
r o t a t i o n  about f 
w i t h  mot ion toward t h e  pole.  
due t o  t h e  i n c r e a s e  i n  f l a t t e n i n g  o f  t h e  F i s c h e r  e l l i p s o i d  -2 
T h i s  e f f e c t  i s  b e l i e v e d  t o  be n e g l i g i b l e .  
A l l  r o t a t i o n a l  mo t ion  o f  t h e  O r b i t e r  as seen i n  t h e  t o p o d e t i c  frame i s  
due e n t i r e l y  t o  t h e  O r b i t e r ’ s  angu la r  v e l o c i t y  as seen i n  t h e  t o p o d e t i c  
frame. Therefore,  t h e  t o p o d e t i c  E u l e r  angle r a t e s  I) , e , and i are t h e  
components o f  body angu la r  v e l o c i t y  a long t h e  i ns tan taneous  axes o f  r o t a t i o n  
used f o r  t h e  t o p o d e t i c  E u l e r  angles I# , e , and 4 , r e s p e c t i v e l y .  The nex t  
s t e p  i s  t o  compute t h e  axes o f  r o t a t i o n  which w i l l  be denoted by 
. .  
h , and h . h l  ’ -2 -3 
The yaw i s  about l3 and t h u s  
h = f  . -1 -3 
The p i t c h  i s  about f a f t e r  r o t a t i o n  about h by JI . Since  t h e  columns 
of I ($) a r e  t h e  r o t a t e d  axes i n  t o p o d e t i c  coo rd ina tes ,  t h e  second column o f  
-2 -1 t 
t I ($) g i v e s  b2 , t h e  r o t a t e d  f , i n  t o p o d e t i c  c o o r d i n a t e s :  -2 
-9 h = ( -s in$)  -1 f + (cos$)  1, . 
L I L 
The r o l l  i s  about f a f t e r  r o t a t i o n  about h by $ f o l l o w e d  by r o t a t i o n  
t about h by e . By a s i m i l a r  argument, t h e  f i r s t  column of [ J (e )  I ( $ ) ]  
g i v e s  h t h e  r o t a t e d  fl , i n  t o p o d e t i c  c o o r d i n a t e s :  
-1 -1 
-2 
-3 ’ - 
h = (cos$ cose) f t ( s i n g  cose)  f t ( - s i n e )  f , -3 -1 -2 -3 
